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Abstract
Nanotechnology has been predicted to change many aspects of our everyday life and
revolutionize the way we produce materials. The remarkable size-tunable properties of
nanomaterials make them a hot research topic with far-reaching applications ranging
from quantum computers to cures for cancer. To achieve these ambitious visions, new
production methods need to be developed.
In this thesis the production of nanomaterials by pulsed laser ablation is investigated.
This work was initially motivated by an interest to test recently developed high repetition
rate fibre lasers in pulsed laser deposition (PLD) and pulsed laser ablation in liquids
(PLAL).
In this work PLD was used to deposit thin films, nanoparticles and high surface area
structures. The high repetition rate was observed to have important implications for the
quality of the deposited films and the surfaces of the evaporated targets.
Nanoparticles produced by conventional chemical synthesis techniques often include
unwanted residues from the reactants. These residues can be toxic and detrimental for
applications. Nanoparticle production by PLAL has been shown to be a method capa-
ble of producing pure nanoparticles directly from a wide variety of bulk materials and
compounds.
In this work a single-step PLAL process for production of luminescent GaAs-nano-
particles and silica-coated gold nanoparticles was developed.
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Chapter 1
Introduction
This thesis deals with the production of nanomaterials. The work was initially motivated
by an interest to test recently developed high-repetition rate fibre lasers in the various
applications taking advantage of pulsed laser ablation. Particularly interesting topics
were thin films made by pulsed laser deposition (PLD) and nanoparticles made by pulsed
laser ablation in liquids (PLAL).
Light amplification by stimulated emission of radiation, the laser, was first demon-
strated by Theodore Maiman in 1960 [1], 43 years after Albert Einstein laid its theoret-
ical foundations in 1917 [2]. Though this novel light source was initially described as
"a solution looking for a problem", now there are few fields of science or aspects of our
everyday life that are not affected by lasers in one form or another. Therefore it might
be said that the greatest success of lasers has been in finding suitable problems.
Around the same time, in the last days of 1959, Richard Feynman gave his now
famous speech titled "There’s plenty of room at the bottom" [3], which is considered as
the figurative starting point of nanotechnology. At the time, Feynman was ahead of his
time and the speech had little impact. It was only much later, in the late 1980’s when it
was rediscovered and widely referred to, as the new scientific field was taking its baby-
steps. Maturation of nanotechnology has been predicted to revolutionize industry and
our lives to a similar extent as electricity and computers did in the past.
Laser ablation was discovered in 1962 when Brech and Cross observed that intense
laser pulses damage optical components and evaporate solid materials. [4] In 1965 Smith
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and Turner [5] carried out laser ablation in vacuum and collected the evaporated material,
thus performing the first experiments of PLD. However, PLD was not a widely applied
technique until Dijkkamp and Venkatesan reported the successful fabrication of high-
temperature superconductor thin-films by PLD in 1987. [6] Since then PLD has been
shown to be a versatile technique, especially in the production of high-quality films
from complex materials.
A new application for laser ablation was discovered in 1992 when Ogale et al. ob-
served that the ablation of materials submerged in liquids produces nanoparticles. [7]
Research in the field of PLAL is progressing rapidly and the mechanisms affecting the
formation of nanoparticles are mostly understood. The PLAL method has been shown to
be capable of producing stable nanoparticles of high purity, giving the method an advan-
tage over the chemically produced particles that often contain trace amounts of residue
chemicals. Partly due to their purity, nanoparticles produced with PLAL are highly suit-
able for further functionalization and can be readily embedded within e.g. polymers.
1.1 Structure of the thesis
This thesis is structured to serve as a brief introduction into the field of pulsed laser abla-
tion in the production of nanomaterials. A reader who is interested in a quick overview
of the topics handled in this thesis is advised to read the introductions of the chapters
which provide an overview of the basic concepts and a brief history of their respective
topics.
Chapter 2 addresses the motivation of this thesis: nanomaterials and the properties
that make them so interesting for applications. Chapter 3 introduces the basic principles
of laser ablation that are common to experiments performed in vacuum, gas and liquid
environments. Chapter 4 is dedicated to pulsed laser deposition. This chapter is closely
related to publications 1 and 2. Pulsed laser ablation in liquids is discussed in chapter 5
which is closely related to publications 3 and 4. The conclusions are presented in chapter
6.
2
Chapter 2
Nanomaterials
The properties of bulk materials and the individual atoms and molecules that form them
are very different. The transition from atomic behaviour to bulk properties can be ob-
served in nanomaterials. The size of these materials ranges from clusters of a few atoms,
to particles a few tens of nanometers in diameter, and to nanotubes only a few nanome-
ters in diameters, but millimeters in length. The defining factor is that at least one of the
material’s dimensions is on the nanoscale.
These nanomaterials have extraordinary properties that are typically size-dependent
and thus tunable. A common definition for the upper size limit of what is considered
a nanomaterial is 100 nm. At this size-range the phenomena responsible for the useful
new properties are related to the increased surface area in respect to the total material
volume. However, many of the more interesting properties of nanomaterials manifest at
sizes closer to 10 nm and below.
The current and possible applications of nanomaterials and nanoparticles cover all
fields of technology (Fig. 2.1). The possibility for increased control of the material
behaviour combined with the need for less resources has been predicted to revolutionize
manufacturing of materials. To understand the potential of nanomaterials one only needs
to remember that 2 cl of water has approximately the same number of molecules as there
are stars in our known universe. As Richard Feynman said: there truly is plenty of room
at the bottom.
Nanomaterials research can be approached from two opposing directions. Feyn-
3
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Figure 2.1: Nanoparticle research forms a significant fraction of all nanotechnology research.
[8] The existing and potential applications of nanoparticles cover almost all fields of technology.
[9]2
man’s vision was to use tiny nanofactories to build materials from individual atoms, i.e.
to approach the issue from the bottom-up. [3] In the top-down approach, the starting
materials are macroscopic and they are manipulated by e.g. evaporation or fragmenta-
tion to produce nanomaterials. Laser ablation, which was used in the discovery of C-60
buckminsterfullerenes [10], falls into the top-down category, though in a sense it shares
features of both approaches.
2The figure has been reprinted from ref [9] with permission from the copyright holder Inderscience.
4
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Figure 2.2: Nanomaterials are often classified by the number of their unconfined dimensions.
The number of confined dimensions influences the density of the allowed energy states and 0D
materials i.e. small nanoparticles, also known as quantum dots, approach atomic behaviour.
2.1 Quantum confinement
The size-tunable electrical and optical properties of small nanostructures arise from a
quantum mechanical phenomenon known as quantum confinement. The excitation of a
material leads to formation of electron-hole pairs that are called excitons. The excitons
can in some sense be treated similarly to the hydrogen atoms. Therefore, the radius
of the exciton is said to be the exciton Bohr radius. This radius ranges from a few
nanometers to several tens of nanometers depending on the material. The effects related
to the quantum confinement become important when the size of a physical dimension
approaches the exciton Bohr radius.
The number of unconfined dimensions can be used to classify the types of nanoma-
terials (Fig. 2.2). Bulk materials are classified as ’3D’ since they are completely uncon-
fined. Very thin films used as quantum wells in e.g. semiconductor lasers are classified
as 2D materials. Nanotubes and quantum wires belong to 1D materials and finally, small
5
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(a) (b)
Figure 2.3: Gold nanoparticles prepared by PLAL color the solution bright red due to their
surface plasmon resonance (a). The transmission spectrum showing the plasmon peak of gold
nanoparticles (b).
nanoparticles are 0D materials as all dimensions are confined. These small nanoparticles
are sometimes called quantum dots to separate them from the larger nanoparticles that
do not exhibit effects related to quantum confinement.
2.2 Plasmons in metallic nanoparticles
An important application field of metallic nanomaterials in particular is plasmonics. [11]
It takes advantage of the collective oscillations of electrons driven by the electromagnetic
field of light, i.e. plasmons. The surface plasmon polaritons that can be excited with light
enable a plethora of possible applications. [11, 12]
Excitation of plasmons induces very strong local electric fields. This enhances non-
linear optical effects by several orders of magnitude and is the basis of many well known
measurement techniques, such as surface-enhanced Raman spectroscopy (SERS) [13,14]
and tip-enhanced Raman scattering (TERS) [15]
In nanoparticles the localised surface plasmons produce resonances that are sensitive
to the material properties as well as to the size and the shape of the particle. In the case
of gold, the particle plasmon resonance can be identified from an absorption peak around
6
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530 nm as shown in Fig. 2.3. In addition, the resonances are sensitive to the surrounding
medium, which can be used in material characterization such as observing the growth of
a shell around the particle, as will be shown in chapter 5.
Interaction of light and nanoparticles is described by the Mie theory. [16] In the case
of a metallic nanoparticle, where the particle is much smaller than the wavelength of
light, the scattering terms can be ignored and the extinction of light Cext can be estimated
from
Cext =
24pi2r3ε3/2m
λ
ε2
(ε1+2εm)2+ ε22
, (2.1)
where λ is the wavelength of light, εm is the dielectric function of the medium sur-
rounding the nanoparticle and ε1 and ε2 are the real and imaginary parts of the dielectric
functions of the material of the nanoparticle, respectively (see section 3.1). Peak-like
resonances can occur if the condition ε1 = −2εm is satisfied at the so called plasma
resonance frequency, which is characteristic to materials with free carriers e.g. noble
metals.
2.3 Raman spectroscopy of nanomaterials
Raman spectroscopy is a well known technique for material characterization. [17] It is
based on Raman scattering, where the scattering photon interacts with a molecular or
lattice vibration (phonon) and loses or gains energy. When the photon loses energy the
change in the photon energy is called a Stokes shift and when energy is gained an anti-
Stokes shift.
Raman scattering is a phenomenon with a very low probability and the elastic Rayleigh
scattering that conserves the photons’ energy is typically 106−107 times more probable.
Therefore Raman spectrometry requires precise spectrometers and efficient filtering of
the scattered light.
The intensity of the Raman signal can be enhanced by various techniques. Mea-
surement with an excitation wavelength close to an allowed electronic transition in the
material can improve the signal strength by several orders of magnitude. This approach
7
Chapter 2. Nanomaterials
(a) (b)
Figure 2.4: Dispersion relation for the TO and LO phonon in GaAs, adapted from ref [21] (a).
The evolution of the GaAs LO phonon as the size of the nanocrystal is reduced (b).
is known as resonant Raman spectroscopy. Nanomaterials and surfaces that are rough in
the nanoscale are used in SERS and TERS.
Local field enhancement by metallic nanoparticles enhances the Raman scattering
from molecules that are very close to the nanoparticle or adsorbed on its surface. This
can be used to produce label nanoparticles with conjugated molecules that have identifi-
able Raman fingerprints. [18] This is a potentially powerful tool for medical diagnostics
as the label particles can be selectively targeted to attach to e.g. cancer cells by additional
functionalization of the particles. [19, 20]
Raman spectroscopy of nanoparticles
For a phonon with a wave vector q0, the wave function Φ(q0,r) in an infinite crystal is:
Φ(q0,r) = u(q0,r)e−iqr, (2.2)
where the potential u(q0,r) has the periodicity of the lattice and r is the spatial coor-
dinate. In a small crystal3 the approximation of the phonon by a plane wave described
3The term crystal or nanocrystal will be used in this context instead of the term nanoparticle. This is
because Raman scattering is influenced by the size of the individual crystals rather than the size of the
whole nanoparticle.
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by Φ(q0,r) breaks down since it cannot propagate beyond the crystal surface. The phe-
nomenological Gaussian confinement model [22, 23] approximates this by multiplying
the original wave function Φ(q0,r) by a confinement function W (r)
W (r) = e−αGr
2/d2, (2.3)
where d is the diameter of the crystal and α is a phenomenological parameter that deter-
mines the strength of the confinement.
The intensity I(ω) of the Raman scattering at the wavenumber ω can be calculated
from:
I(ω) =
|C(q)|2d3q
(ω−ω(q))2+
(
Γ0
2
)2 , (2.4)
where ω(q) is the dispersion relation of the phonon, Γ0 is the natural linewidth of the
zone center phonon in the bulk material and q is the wave vector. C(q) is the weight
function, a Fourier-transform of W (r),
|C(q)|2 = e−q2d2/2αG , (2.5)
for estimation of the contribution of phonons away from the centre of the Brilloun zone.
For bulk materials and large particles, the numerator is very small due to C(q), and the
scattering intensity differs from zero practically only when ω ≈ ω(q) and the width of
the peak is close to Γ0. As the particle size gets smaller, the contribution for ω 6= ω(q)
can no longer be neglected and the shape and location of the peak is influenced by the
dispersion relation as is illustrated in Fig. 2.4 (b).
It has been suggested that the value of α should be 2 [22], 9.67 [24] or 8pi2 [25].
The value of α= 8pi2, corresponding to a strong confinement within the nanocrystal, has
often provided the best agreement with experimental data. Though the physical basis of
the model is questionable, the model can be used to estimate the size of nanocrystals.
9

Chapter 3
Laser Ablation
Light in the form of high-energy laser pulses behaves very differently to what we have
learned to expect through our senses. We can feel the warmth of sunlight on our skin on
a summer day and we know how hot a dark surface can get in direct sunlight. We know
that the sweet sugar we taste is a product of photosynthesis. And of course, the most
efficient way for us to observe our surroundings and to gain new information is through
light and vision.
Common to these everyday phenomena is their linear nature. Thus, the intensity of
light, i.e. the amount of photons, defines the strength of the phenomenon, but does not
change the phenomenon itself.
A good reference for an everyday light source is sunlight. The intensity of sunlight
on the surface of the Earth is approximately 1000 W/m2, or 0.1 W/cm2, expressed in
units more often used with lasers. With a regular magnifying glass the intensity can
be increased to approximately 0.5 W/cm2, which is enough to burn paper, wood and
as some twisted children know: ants. In concentrator solar cells and solar furnaces the
intensity can be increased above 100 W/cm2. Though these intensities might already
seem high, the related phenomena are still linear.
Lasers have two qualities that enable generation of much higher intensities. First, the
produced light is nearly monochromatic and coherent, which allows efficient focusing.
Second, several different techniques enable generation of short laser pulses resulting in
high peak intensities with modest average powers. High intensities change the interac-
11
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tion of light and matter, due to the extreme rate of the interaction events, and due to the
related high electro-magnetic fields which give rise to various non-linear effects.
The intensities typically used in laser ablation and in this work range from 108–
109 W/cm2 with nanosecond pulses, to 1010–1013 W/cm2 with pico- and femtosecond
pulses. These intensities are high enough to evaporate any material, but even they pale
in comparison with the lasers currently being tested in several different projects with the
aim to surpass intensities of 1023 W/cm2. [26, 27]
Removal of material with such short laser pulses is known for its high precision and
is called laser ablation1. The laser ablation process begins with the absorption of the
energy of the laser pulse by electrons. The absorption is followed by the energy transfer
from the excited electrons to the crystal lattice, which leads to very rapid heating and
breakdown of the laser illuminated area. This leads to formation of plasma and ejection
of atoms, molecules and clusters. The different processes related to laser ablation are
mostly well understood.2 However, theoretical models capable of reliable predictions
are not available.
Laser ablation is a seemingly simple process that can be applied without full under-
standing of the underlying mechanisms. The lasers used in various studies have created
a wide spectrum of different results depending on the wavelength, pulse length and pulse
energy. Furthermore, the beam profile and the temporal shape of the pulse can have a sig-
nificant impact on the process, which in most of the studies is given little or no attention.
These factors have fueled some debate about the governing mechanisms in laser ablation
under various conditions and have slowed down the development of generally applicable
models. Also in many practical applications, e.g. in PLD and in PLAL, the most useful
intensities are relatively low, just slightly above the ablation threshold, whereas many of
the more complex mechanisms manifest at much higher intensities.
Laser ablation can be divided into two domains on the basis of the pulse length of the
applied laser. The mechanisms responsible for the absorption and subsequent ablation
are very different for nanosecond and femtosecond pulses. The majority of the work
1For an interesting discussion on the etymology of the term ablation and on the definition of what is
considered laser ablation, see the introduction of reference [28].
2A slight exception is formed by ablation with femtosecond pulses. The related mechanisms and
especially their importance is still under some debate.
12
3.1 Interaction of light and matter
in this thesis was performed with picosecond pulse lasers, which share features with
lasers of both pulse lengths and thus the general features of both ablation domains will
be discussed.
In this chapter we introduce the fundamentals of laser ablation that form the basis of
this thesis. We begin by a brief discussion of the interaction of light and matter and the
various mechanisms of absorption that are relevant with short laser pulses. We consider
the timescales of the effects following the absorption and the dynamics of the eventual
evaporation of the material. The final section (3.7) of the chapter deals with the effects
caused by the high repetition rate lasers used in publications 1 and 2. As a final summary
of this chapter, an instructive graph is presented (Fig. 3.12).
3.1 Interaction of light and matter
Light can interact with a material in many different ways. Light can be absorbed within
the material, it can be reflected or refracted on interfaces of different materials and it can
be scattered from non-uniformities such as defects and particles in the material.
Interactions between light and matter are always interactions between photons and
electrons. For example, heating of the material is a secondary effect that results from the
subsequent interaction of the excited electrons with the crystal lattice. In these interac-
tions the electrons are exchanging energy with the lattice vibrations known as phonons.
The color and appearance of materials depends on how they absorb and reflect differ-
ent wavelengths of light and how the light refracts on the surfaces of (partially) transpar-
ent materials. The behaviour of a material in these linear interactions can be described
by the dielectric function (permittivity), ε
ε(λ) = ε1(λ)+ iε2(λ). (3.1)
The dielectric function depends on the wavelength, λ , and it has a real component ε1 and
an imaginary component ε2. The relationship of the dielectric function to the commonly
used refractive index is
n(λ)+ iκ(λ) =
√
ε(λ) (3.2)
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Figure 3.1: The visual appearance of a material depends on its dielectric function, which can
also be expressed as the index of refraction. [29]4
The real part of the refractive index, n , describes the wavelength and the speed of light
in a material and as its name suggests, the refraction of light on the interfaces with other
materials. The imaginary part, κ , describes the absorption (or gain) of the material.
3.2 Absorption of light
From the perspective of a single photon, κ can be interpreted as the probability of ab-
sorption. In the case of linear interactions, the absorption probability differs from zero
only for wavelengths that correspond to the allowed electron transition energies in the
material. For individual atoms the allowed transitions are defined by the occupied and
unoccupied energy states. For bulk materials the individual electron states are replaced
with energy bands. Sufficiently high energy photons can also directly free the electron
and ionize the atom or material.
In insulators and semiconductors the electrons are in the valence band and the ab-
sorption occurs by excitation of the electrons to the conduction band over the band gap.
The band gap has no allowed energy states. Metals have a considerable amount of elec-
4The figures are reprinted from the reference [29] with the kind permission of the original authors and
IOP Publishing Ltd
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(a) (b)
Figure 3.2: A single photon can be absorbed by the material if the photon energy is at least equal
to the bang gap energy Eg of the material. (a) Defects within the band gap can directly accept or
donate an electron to the material and allow absorption with sub-band gap wavelengths by serving
as intermediate states. (b) Very high intensity illumination enables multi-photon processes, where
two or more photons are absorbed almost simultaneously.
trons in the conduction band, which absorb the light in a thin layer with a thickness
roughly corresponding to the optical penetration depth.5
All real materials are non-ideal and include impurities and defects. The electron
energy states related to these non-idealities can lie within the band gap of an insulating
or a semiconducting material. This allows some absorption at photon energies lower
than the band gap energy, where electrons can be excited from the valence band to the
defect states and subsequently from the defect states into the conduction band (Fig. 3.2
(a)). The probability of such a two-phase excitation process depends on the life-time of
the electron in the defect state.
In high-quality materials, like the ones used in semiconductor industry and optics,
the number of defects is typically so low that the defect-assisted conduction electron
generation does not significantly alter the optical properties of the material unless the
5The absorption process for a conduction band electron is a three-body interaction with the additional
momentum provided by another electron or a phonon of the lattice. In the case of free electrons in partic-
ular this mechanism is referred to as inverse brehmsstrahlung. [30]
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Figure 3.3: An electron in the conduction band can absorb photons with energies much lower
than the band gap energy. If the electron gains enough kinetic energy, it can excite an electron
from the valence band to the conduction band. Under continued, intense illumination this process
can rapidly lead to an avalanche as the number of electrons increases exponentially.
intensity of the exciting light is very high – close to the intensities produced with focused
pulsed lasers.
Electrons in the valence band can also be excited to so called virtual states that have
extremely short life-times on the order of one femtosecond. Another photon can ex-
cite the electron from the virtual state to a higher allowed energy state or to another
virtual state (Fig. 3.2 (b)). The probability of this multi-photon absorption [31] is ex-
tremely low and it becomes significant only at sufficiently high intensities, on the order
of 1012W/cm2. In laser ablation this phenomenon is thus significant mostly when fem-
tosecond pulses are used. Two photon absorption has found many applications in imag-
ing [32, 33] and in a high resolution three dimensional micro-fabrication method called
two-photon polymerization [34].
With even higher laser intensities the electric field of the light can distort the local
potential of the crystal lattice, allowing tunneling ionization. [30, 35, 36]
The allowed energy states in the conduction band lie close to each other and thus
conduction band electrons can absorb photons with energies much lower than the band
gap energy. Electrons that absorb multiple low energy photons can get enough energy to
excite valence band electrons to the conduction band through collisions (Fig. 3.3). Thus
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even a low number of conduction band electrons, generated e.g. through defect-related
absorption or thermally, can seed an avalanche process under sustained high intensity
illumination. This phenomenon, known as avalanche ionization or impact ionization,
can transform an insulator or a semiconductor into a metal-like material very rapidly.
These mechanisms allow absorption and laser ablation even with lasers for whose
wavelength κ is zero. The sequential multiple-photon processes are typically signifi-
cant at lower intensities than the simultaneous multi-photon and strong-field processes.
However, the relative importance of the various excitation mechanisms depends on the
material and on the laser parameters. The significance of these mechanisms is also de-
pendent on the wavelength and the wavelength dependency of each mechanism.6
For nanosecond pulses the prevalent mechanism is typically impact ionization. The
seed electrons are generated by direct absorption, if the wavelength of the laser is suit-
able, or through defect assisted absorption. In some cases multi-photon absorption can
also take place, but it’s less important than for femtosecond pulses. In nanosecond pulse
laser ablation, lasers with wavelengths in the ultra-violet range are usually preferred to
guarantee high ablation efficiency through direct absorption in the material.
With femtosecond pulses the importance of multi-photon absorption increases. Not
only is it responsible for generation of the seed electrons for impact ionization, but it
can also be the dominant absorption mechanism. Tunneling ionization typically requires
higher intensities than those commonly used in laser ablation, but in some cases, es-
pecially with long wavelength lasers, it can have a significant effect. [37] The higher
intensities make femtosecond lasers less dependent on the laser wavelength.
When picosecond pulses are used, the dominant absorption mechanisms depend
strongly on the material. For most materials the laser wavelength is still an important
factor.
3.3 Melting of laser excited material
Under low intensity illumination, i.e. in the linear region, an excited electron will even-
tually relax back to a lower energy state. In the relaxation process the excess energy is
6For a good review on the significance of the different mechanisms, see e.g. reference [36]
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either emitted as a photon or deposited to the crystal lattice as phonons, i.e. heat.
After a high intensity laser pulse, the material is in a non-equilibrium state where
the area treated with the laser has more energy than the surrounding material. The sur-
rounding material can still be at the ambient temperature, whereas the temperature for
the laser affected area can be extremely high, though it is not necessarily unambiguously
defined. The distribution of the energy depends on the pulse length.
As previously discussed, the energy of the laser pulse is absorbed by the electrons.
The rate of the energy transfer from electrons to the lattice depends on the strength of the
electron-phonon coupling. The time constant, τe−p , describing the rate of the process
varies between materials but is typically from picoseconds to a few tens of picoseconds.
Melting after excitation by nanosecond pulses
With pulses longer than τe−p, the energy transfer to the lattice takes place already during
the duration of the laser pulse. At the end of a nanosecond pulse, the temperature of
the laser treated area has increased considerably [38], while thermal diffusion has not
significantly distributed the energy into the surrounding material.
If the absorbed energy is high enough, the laser affected volume will melt through
one of the various mechanisms observed in laser ablation. [38–43]
Generally, melting of a material starts from the surface where the binding energy
of the atoms is the lowest. The melting front progresses into the bulk of the material
relatively rapidly. The upper limit for the velocity of the front is the speed of sound in the
materials, though the actual speed is typically considerably slower. [44] The thickness
of the absorption layer that contains the energy of the laser pulse is typically on the
order of 100 nm. Therefore, for typical solids the melting will take from a few tens to
approximately one hundred picoseconds. With nanosecond pulses the material can thus
melt during the laser pulse (Figs. 3.4 and 3.5). [38]
Behaviour of material after excitation by femtosecond pulses
If the laser pulse is shorter than τe−p, the electrons have most of the energy of the laser
pulse when the laser pulse ends. Thus the electron temperature is higher than the lattice
18
3.3 Melting of laser excited material
Figure 3.4: The energy of the laser pulse is absorbed by electrons. With long pulses the energy
is transferred to the lattice during the laser pulse. If the laser pulse is shorter than the electron-
phonon coupling time constant, i.e. the pulse is ”ultra-short”, the electrons have all of the energy
when the pulse ends. In this case the subsequent energy transfer process is governed by the
material dependent electron-phonon coupling.
temperature (Fig. 3.4).7 In this case the following energy transfer is governed solely by
the electron-phonon interactions.8
The energy transfer to phonons happens almost simultaneously in the whole absorp-
tion volume. This can lead to considerable superheating and enables homogeneous nu-
cleation, where the whole volume melts much faster than would be possible through
normal melting. [39, 41, 42] Melting through homogeneous nucleation takes place typi-
cally on the order of a picosecond. [39, 43]
Some of the energetic electrons will escape the laser-affected volume into the sur-
7Theoretical approaches often use a two-temperature model to describe this situation [28, 45–51]. Ini-
tially the electrons do not follow the Maxwell-Boltzmann-distribution and the electron temperature is not
clearly defined. The thermalization of the electron gas through electron-electron collisions takes place in
a time-frame of several hundred femtoseconds [51] and in many cases the electron temperature can be
considered to be defined at the onset of electron-phonon interactions.
8Though the term ”ultra-short laser pulse” is not unambiguously defined and depends on the applica-
tion field, in the context of laser ablation a pulse shorter than the electron-phonon coupling time constant
for the material in question can safely be said to be ”ultra-short”.
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Figure 3.5: Craters produced on stainless steel after laser ablation with nanosecond (left) and
femtosecond (right) laser pulse. 10
rounding material and some are emitted from the material. With femtosecond pulses,
a considerable amount of the electrons are emitted from the material almost instanta-
neously. The excess positive charge can lead to crystal instability due to elecrostatic
repulsion and emission of positive particles through a mechanism called Coulomb explo-
sion. [52–55] The mechanism is more common in dielectrics, where the neutralization
of the laser-generated holes is slower, but it is also possible in semiconductors. [56, 57]
With very high intensities the generated electron-hole plasma can cause the crystal
to become electrostatically unstable, which then leads to nonthermal melting in just a
few hundred femtoseconds. [40]
It should be noted that in all of these cases the melting is very rapid compared to heat
diffusion. Therefore, after the laser affected volume has melted or lost its crystalline
structure, the surrounding bulk can still be relatively cool and unaffected.
3.4 Ablation of laser excited material
When the energy absorbed from the laser pulse is high enough to cause ablation, it is
said to be above the ablation threshold11. The threshold is most commonly expressed
as the total energy per area, fluence Fth, in the units J/cm2. The mechanism of ablation,
10Fig. 3.5 has been reprinted from [58] with permission from Springer Science and Business Media.
11The ablation threshold and its dependence on laser parameters is discussed in more detail in section
3.6
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like the mechanism of melting, depends on the length and the energy of the pulse. In this
section we will inspect the ablation mechanisms assuming that the pulse energy is close
to the ablation threshold, which typically is the case the in PLD and PLAL.
Another very important factor is the surrounding medium into which the evaporated
material expands. Here we will start the discussion by considering a special example
of ablation into vacuum and low-pressure gas atmospheres. Expansion into liquids is
discussed in chapter 5.
The ablation process is in most cases a combination of mechanisms of various ori-
gins: thermal, electrostatic and mechanical. As a rule of thumb, thermal processes dom-
inate ablation with nanosecond pulses and the other mechanisms start to become more
important as the pulses get shorter and the intensities rise.
Ablation after excitation by nanosecond pulses
When the pulse duration is nanoseconds or longer, the experimental results can usually
be explained through thermal mechanisms12. [28] The molten material starts to evaporate
during the laser pulse and forms a so called Knudsen layer [59], a region near the surface
of the material where the evaporating particles collide with each other and approach a
thermal equilibrium. The atoms and ions emerging from the Knudsen layer can have
kinetic energies in the range of 10-100 eV , corresponding to velocities of a few tens of
kilometres per second, leading to a rapid expansion into vacuum. [60–62]
Nanosecond pulse lasers can interact with material in this initial layer, with two
important consequences. First, the evaporated material absorbs more energy, leading
to dissociation of molecules and small particles and ionization of some of the neutral
atoms, which leads to formation of plasma. Second, absorption and scattering shields
the target material underneath and lowers the ablation efficiency. Both of these effects
are mostly absent in femtosecond pulse ablation with significant consequences that are
discussed later.
The collisions during the early stages of the plasma formation and continuation of
the absorption of the energy from the laser can lead to some back-scattering of the atoms
12Exceptions can arise due to very short wavelengths, pulse energies well above the ablation threshold
or material properties.
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and sputtering of the underlying material. However, this is not usually a major effect in
laser ablation in low-pressure gas atmospheres near the ablation threshold.
In materials with atoms of more than one element, normal, thermal evaporation leads
to a different evaporation rate for each element depending on its partial vapour pressure.
In laser ablation however, the elements are typically evaporated congruently.
Increasing the laser intensity leads to higher temperatures and increases the rate of
ablation quite consistently until the temperature approaches the thermodynamic critical
temperature Tc. Around temperatures of ∼ 0.9Tc [63] homogeneous nucleation can lead
to explosive relaxation into a mixture of vapour and liquid droplets in the so called phase
explosion [64–67]. This is typically observed as a jump-like increase in the amount of
evaporated material and is accompanied by observation of ejected droplets. The transi-
tion is typically observed with fluences on the order of 5−10×Fth. [68–70]
Ablation after excitation by femtosecond pulses
The ablation process after femtosecond pulse excitation is more complicated than in the
case of nanosecond pulses. The actual ablation takes place long after the pulse has ended
and the thermal mechanisms no longer sufficiently describe the process.
Under low fluence conditions near or slightly below the FT h most solid materials
behave in a similar manner. [71, 72] The rapid melting of materials has been directly
imaged with high temporal resolution in pump-probe experiments. [72]
Desorption of atoms and molecules from non-metallic materials can be observed
in experiments and simulations. [73, 74] This low fluence behaviour is caused by the
Coulomb explosion and it is characterized by ablation of a thin layer, with a thickness of
a monolayer or a few nanometers. The Coulombic repulsion origin of the mechanism is
manifested in the distinct charge dependent kinetic energies of the emitted ions. [54, 55,
75, 76] In metals, the charge-instability is rebalanced by the electrons from the bulk of
the material too rapidly for Coulomb explosion to occur.
Above FT h the rapid energy transfer from the electrons to the lattice can lead to
temperatures well above Tc and to a superheated solid state. [77] The thickness of the
evaporated layer grows rapidly to several tens of nanometers and higher.
The ablation is caused by a combination of several mechanisms. In addition to phase
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explosion also observed with high-intensity nanosecond pulses, the rapid relaxation of
the material leads to formation of a shock wave and tensile stress that can cause frag-
mentation13. [77–80] Femtosecond ablation thus inherently generates droplets and frag-
ments.
The lack of interaction between the laser pulse and the evaporating material avoids
the plasma shielding effect, but on the other hand inhibits the dissociation of molecules
and clusters. This leads to a significant difference between nanosecond and femtosecond
pulse ablation. Whereas the plume generated by a nanosecond pulse consists mostly of
atoms and ions, the femtosecond generated plume has a significant fraction of clusters
that can serve as nucleation centres for nanoparticles. [77, 81–86]
The absence of thermal processes near FT h make femtosecond pulse ablation a very
precise tool for micro-machining (Fig. 3.5). [58] However, due to the inherent genera-
tion of nano-particles, femtosecond lasers are not as well suited for PLD as nanosecond
lasers.
Picosecond pulses
Typical picosecond pulse lasers produce pulses with durations from a few picoseconds
up to a few tens of picoseconds, closely corresponding to τe−p of typical solids. There-
fore the governing processes can vary considerably depending on the material and the
exact parameters of the laser. Typically the intensity is not high enough for significant
multi-photon ionization near FT h and thus avalanche ionization with seed electrons pro-
vided by direct absorption and defect assisted absorption is the dominant absorption
mechanism.
The heating and decomposition of the material starts during the laser pulse and thus
the laser will interact with the initial phase of the decomposition. However, the pulse is
over before significant ablation has time to occur and thus the evaporated clusters are not
dissociated by the laser.
Therefore picosecond pulse ablation is a mixture of nanosecond and femtosecond
pulse regimes. The absorption mechanisms are often typically those of nanosecond pulse
ablation, melting and ablation processes have features of both regimes, and the emitted
13In soft materials like tissues, this can lead to spallation.
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a) (b)
Figure 3.6: Analysis of the laser generated plasma yields a lot of information about the ablation
process and the ablated material. (a) Atomic plasma from an aluminium target has a distinct blue
color that results from the emission due to the fluorescence of the excited atoms and ions. (b)
A plasma with nanoparticles emits a broad spectrum reminiscent of black body radiation. The
analysis of the spectrum can be used to estimate the temperature of the particles.
plume has clusters similar to similar to those produced by femtosecond pulse ablation.
The pulse energy of picosecond pulses near the threshold is higher than that of a
femtosecond pulses and thus enables more material to be evaporated per pulse. This
makes picosecond lasers attractive for micro-machining as a compromise between pre-
cision and efficiency as long as the material properties are taken into account. In PLD
the picosecond pulses tend to produce similar results as femtosecond lasers and thus are
not as well suited for production of high-quality films as nanosecond lasers.
3.5 Laser generated plasma/plume
The laser excited, hot and dense material rapidly expands and forms a plume that charac-
teristically emits light from the excited species and hot particles (Fig. 3.6). Under most
conditions the plume includes a considerable fraction of ions and free electrons and is
thus called a plasma.
The high density in the initial stages of the expansion induces collisions between the
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particles. The number of collisions required to establish an equilibrium is low (approxi-
mately 3 to 5). [87] It can thus be estimated that the Knudsen layer is formed when more
than one monolayer is evaporated within a few nanoseconds. [59, 88] This justifies the
use of hydrodynamic expansion models to describe the behaviour of the plume. [88–93]
After the possible initial interaction with a long laser pulse, the expansion into vacuum
can be considered as adiabatic. In the most successful models the plume expansion is
considered to be isentropic as well. [90,91] The model predicts a spatial distribution Y (θ)
of the plasma that is strongly directed along the normal of the surface of the material and
is of the form
Y (θ) = Acospθ, (3.3)
where θ is the angle from the normal, p depends on the aspect ratio of the plasma and A
is a fluence dependent scaling factor. [60] This distribution agrees well with experiments,
with values of p typically between 2 and 10. [94, 95]
Expansion into an inert background gas starts in a similar way to expansion into
vacuum due to the high initial energy of the plasma, but the expansion is slowed down
and confined by collisions between the plasma and the gas. The collisions typically
lead to ”plume splitting” and the plume has a fast moving front, which is followed by
particles slowed down by the collisions. This distribution evolves as the plasma expands,
with the fast component decaying roughly exponentially. [96–98] With sufficiently high
pressures, the collisions in the expansion front can lead to formation of nanoparticles
and nanotubes. [97]
The plume will eventually stop when the internal pressure matches the pressure of
the background gas. In typical PLD-setups, the plume will hit the substrate and form
a thin film. Some particles recoil from the surface and in some cases bounce back and
forth between the substrate and the target. [97,99] The most energetic particles can cause
sputtering or even be implanted into the forming film or the substrate.
Various analysis techniques can be used to reveal information about the state of
the plasma, the ablation process that created it and the ablated material. [88] Optical
emission and absorption spectroscopy are well suited for characterization of the excited
atoms, ions and molecules in the plasma. In laser-induced breakdown spectroscopy
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(LIBS), the analysis of the laser generated plasma is used to determine the elemental
composition of the material. [100–102] LIBS is for example used by NASA on the Mars
rovers for elemental analysis. [103]
The temperature of the plasma can be approximated optically from the relative emis-
sion intensities of the spectral lines by using so called Boltzmann-plots or by measuring
broadening of the individual lines. [104–106] The temperatures can be obtained only
from relatively dense plasmas. As the plume expands and the particles are no longer
interacting, the temperature is no longer defined. [107]
Time- and space-resolved imaging is a commonly used tool, which is especially
powerful when it is coupled with spectroscopy. [97] Optical interferometry can be used
to measure the density profiles of the plasma. [108–110]
Mass spectrometry can be used to identify the ionic species and the charged clusters
and to measure their kinetic energies through time-of-flight (TOF) analysis. However,
neutral species need to be ionized before the analysis. [111, 112] TOF measurements
of the charged species can also be done with Faraday cups [113] and Langmuir probes
[114].
Analysis of the laser generated plasma is of great interest in many fields including
PLD, PLAL, X-ray and extreme ultra-violet generation [115,116], laser ion accelerators
[117], laser space propulsion [118] and laser ignition of fusion [119].
3.6 Ablation threshold
The discussion in the previous sections has covered various aspects of laser ablation and
the different parameters that influence the process. To evaporate a material, the input
of energy must exceed the binding energy of the material. Thus ablation thresholds
can be expected to show predictable, material dependent behaviour. In femtosecond
pulse ablation of oxide-materials FT h was observed to depend on the band gap. [120] In
nanosecond pulse ablation of metals the amount of evaporated atoms was found to agree
well with the melting temperatures of the various metals at constant fluence, though FT h
values were not reported. [62]
The influence of wavelength on FT h is not trivial as the different mechanisms can
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(a) (b)
Figure 3.7: (a) The ablation threshold fluence depends on the pulse duration τ. The dependence
typically follows
√
τ at longer pulse durations, but as the absorption and ablation mechanisms
change at shorter pulse lengths, for many wide band-gap insulators it approaches a constant.
Picture taken from reference [121]. (b) Irradiation with sub-threshold pulses creates defects that
lower the FT h significantly. [122].15
have complex wavelength dependencies especially when shorter pulses are used.
The influence of the pulse length, τ, has been widely studied for many materi-
als. [120, 121, 123–125] For nanosecond pulses, FT h decreases as τ1/2 until τe−p of
the material is approached (Fig. 3.7 (a)). For pulses shorter than τe−p the threshold
approaches a constant value for most materials.
As previously discussed, even sub-threshold pulses can damage the material and cre-
ate defects with long lifetimes, especially in dielectrics and semiconductors. In addition,
above FT h the surface after ablation is in most cases rough, which can change the absorp-
tion and the binding energy of the surface atoms. In most applications of laser ablation,
the processed area of the material is irradiated several times and thus the interaction is
no longer similar to what it is between the laser and a pristine material. The accumu-
lating damage lowers FT h for the subsequent pulses (Fig. 3.7 (b)) until the threshold
saturates after a few tens or hundreds or pulses depending on the material and laser
parameters. [122, 126, 127]
15Fig. 3.6 (a) reprinted with permission from [121] ©(1995) The American Physical Society. Fig. 3.6
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(a) (b)
Figure 3.8: Visualization of the pulse overlapping Np (a). Step-like heating by a high-repetition
rate laser (b).
3.7 Laser ablation with high repetition rate lasers
With high repetition rate lasers the delay between the pulses hitting the same area gets
so short that the dynamic effects can no longer be ignored. Defects with shorter life-
times can influence the process and lower FT h. In addition, each laser pulse will increase
the local temperature. With low repetition rates, the irradiated area reaches the ambient
temperature through heat diffusion before the next pulse arrives. For oxide materials, it
was observed that FT h is constant with repetition rates below 1 kHZ. [126] With suffi-
ciently high repetition rates however, the temperature climbs in step-like fashion until
a balance between input of energy and heat diffusion is achieved (Fig. 3.8 (a)). [128]
The saturation temperature depends on the pulse energy, repetition rate and the rate of
heat diffusion in the material. When the temperature rises, the rate of diffusion increases
correspondingly as the temperature difference between the irradiated area and the sur-
rounding material increases. If the surface temperature is above the melting temperature,
evaporation of atoms further increases the cooling rate.
In experiments described in publications 1 and 2 the influence of the repetition rate
was studied in the case of picosecond ablation of yttria-stabilized zirconium dioxide,
YSZ. The ablated area was scanned continuously as described in [P1] and the measure-
ments were made after the whole area was ablated several times. This was done to make
(b) reprinted from [122], with kind permission from Springer Science and Business Media.
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(a) (b)
Figure 3.9: The ablation threshold FT h as a function of the scanning speed (a) and the number
of overlapping laser pulses Np (b). Increasing Np lowers the threshold until a saturation region is
reached at the equilibrium temperature.
sure that the contribution of the long life-time defects was included in the measured FT h
values and the observed behaviour was due to the increased temperature and possible
short-life-time defects.
The ablation threshold was inspected as a function of the number of overlapping laser
pulses, Np, on a single scanning pass:
Np = flaser
Dspot
vscan
, (3.4)
where flaser is the repetition rate of the laser, Dspot is the diameter of the laser focal point
and vscan is the speed at which the laser is scanned along the surface (Fig. 3.8 b).
The ablation threshold was observed to decrease as the repetition rate was increased
from 10 kHz to 4 MHz (Fig. 3.9). Interestingly, the decrease of the threshold was ob-
served already at values of Np < 1. In this case the time between consecutive pulses
is several tens of microseconds and significant heat diffusion over distances of several
micrometers can occur. In the measurements Dspot was only 20 µm and thus the be-
haviour is attributed to heat diffusion. Another possible contributing factor is formation
of short-lived defects.
In the megahertz repetition rate range FT h was observed to saturate to a value that
corresponds to approximately the same average power, suggesting that the vaporization
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(a) (b) (c) (d)
Figure 3.10: The surface of the YZO target after ablation with low number of overlapping pulses
shows no signs of melting (b) and (c) and is similar to the polished surface (a). The thermal nature
of the saturation region with high Np in Fig. 3.9 is evident from the surface that has molten and
cracked during solidification (d).
mechanism has changed from ablation to thermal evaporation. The change in the ab-
lation mechanism is observed in images of the ablated targets taken with a scanning
electron microscope (SEM) (Fig. 3.10). Ablation with low Np (Fig. 3.10 (b) and (c)) left
the surface structure similar to a polished target surface (Fig. 3.10 (a)). After ablation
in the saturation regime (Np ≈14 000) with the repetition rate above 2 MHz, the surface
had melted and cracked during solidification (Fig. 3.10 (d)).
The melting of the target is very local and is limited to the surface layer. The target
surface is solidified between the laser scans and each sweep leaves a clearly identifiable
track on the surface (Fig. 3.11 (a)). Closer inspection (Fig. 3.11 (c)) allows observation
of small step-like structures along the scanning direction. This suggests that as the beam
moves forward, only the small area directly beneath or very close to the pulsed laser
beam is melted and the solidification takes place rapidly as the beam moves away.
Slightly higher pulse energy leads to ejection of droplets and exfoliation of the sur-
face layer (Fig. 3.11 (b)). This indicates that the molten layer is very thin and suggests
the possibility that the vaporization mechanism is actually pulsed ablation from a locally
liquid surface rather than pure thermal evaporation.
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(a) (b) (c)
Figure 3.11: Locally melted YZO target solidifies between scanning sweeps leaving the scan-
ning path clearly visible on the target surface (a). Too high pulse energies/average power leads
to droplet ejection. Some droplets have solidified before ejection (b). This also shows the local
nature of the melting as only the thin surface layer has melted. The scanning direction can also
be observed from the curved ”solidification steps” (c).
Further results on the effects of the change in the ablation mechanism on the quality
of the deposited films are presented in chapter 4.
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Figure 3.12: A summary of the timescale of the processes related to laser ablation.
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Pulsed Laser Deposition
In Pulsed Laser Deposition (PLD), laser ablation is used to deposit thin films under low-
pressure conditions. The first experiments on PLD with ruby lasers were reported in
1965, only 5 years after the demonstration of the first laser [5]. During the following 20
years, many of the key features of PLD were demonstrated, including congruent evap-
oration and preservation of stoichiometry.1 Though some important proof-of-concept
level experiments were performed, the reported experiments were rather sporadic and
closely followed the advances achieved in the development of lasers.
Especially important milestones were the development of reliable Q-switching and
efficient frequency doubling in the 1970’s, which allowed short pulses with high pulse
energies and short wavelengths. In the early 1980’s the number of research groups work-
ing on PLD steadily increased and results achieved with epitaxial semiconductor films
were comparable to those achieved with molecular beam epitaxy (MBE). [131–134]
The versatility of the method and the sheer number of materials that can be de-
posited with PLD lead to a lack of common focus in the research, which slowed down the
progress in the field. Things changed after successful fabrication of high-temperature su-
perconducting thin-films by Dijkkamp and Venkatesan in 1987. [6] This started a boom
in the research-field and lead to rapid progress of the technology.
The term Pulsed Laser Deposition is easily perceived as a name of a single technique,
1A good review of the history and development of PLD can be found e.g. in the reference [129].
General reviews can be found in references [129, 130].
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though, in many ways it is a common denominator for a collection of several different
techniques. PLD-methods can be classified by the laser pulse duration, the wavelength,
the applied pressure range and, as shown also in this work, by the repetition rate of the
pulses. Depending on the process parameters, PLD can be used to produce smooth or
even epitaxial thin films, nanostructures or nanoparticles.
The straightforward operation of modern lasers makes working with PLD mislead-
ingly simple. The lasers are often complex and sophisticated devices and the related
processes are complicated, as described in the previous chapter.
PLD is an excellent method for the study and fabrication of novel and complex ma-
terials. However, despite the excellent results in deposition of various materials, the
method has not yet been widely commercialized. One hindrance to commercialization
is the fact that the material evaporated in laser ablation forms a strongly directed plume.
This allows efficient collection of the material, but the films deposit only on small areas.
In typical experimental setups this leads to non-uniform films. However, this issue is
relatively easily solved as will be shown later in this chapter.
Possibly a larger obstacle in the way of commercialization of PLD is the lack of
breakthrough applications. High-temperature superconductors are interesting materials,
but they still require too low operating temperatures for applications that would require
up-scaling of the fabrication methods.
This chapter starts with a brief comparison between PLD and other common thin-film
deposition techniques, followed by a description of typical PLD systems and a discussion
of the film growth mechanisms. The discussion started in the previous chapter on the
impact of the pulse length on the ablation process is expanded with an inspection of its
effects on the deposited films. PLD results achieved in this work with high repetition rate
lasers related to publications 1 and 2 will be discussed and expanded with a discussion
of methods for monitoring and optimization of film growth in sections 4.3-4.5.
4.1 Comparison to other thin-film deposition techniques
Due to the nature of the involved processes, PLD is a physical vapour deposition (PVD)
method. The most obvious difference when compared to other common PVD-methods,
34
4.1 Comparison to other thin-film deposition techniques
e.g. electron beam evaporation, sputtering or cathodic arc evaporation, is that the power
source, the laser, is outside the vacuum chamber. This allows very simple chamber
designs which enable the use of reactive gases that might damage complex power sources
and mechanics.
A less obvious, but more profound difference to thermal evaporation methods, such
as electron beam evaporation, is the approach to the delivery of the energy. In e-beam
evaporation the whole target material is melted and subsequently evaporated from the
molten state. In the case of compound materials, this leads to a different evaporation rate
for each element in the compound, depending on their respective partial vapour pres-
sures. Therefore, the resulting films are not stoichiometric without corrective measures.
In PLD the energy is delivered locally during a very short pulse. As discussed in the
previous chapter, the typical pulse lengths are shorter than or of the same order of mag-
nitude as the characteristic heat diffusion times of materials. This leads to congruent
evaporation of the material, which has been observed to transfer the stoichiometry of the
complex target materials onto the formed thin films [6, 135–139]
During the early years of PLD, successful experiments were also performed with
continuous wave (CW) lasers. [140–142] Though the results were good and often sur-
passed those achieved with e.g. electron beam evaporation, the research in this field all
but stopped after the breakthrough of PLD. Only few reports have been published dur-
ing the last few years. [143]. CW-laser evaporation allows the use of reactive gases, but
unlike with PLD, the evaporated material consists almost solely of neutral atoms rather
than ions. This can be an advantage for the deposition of some materials. However, the
evaporation and deposition process does not necessarily transfer the stoichiometry of the
target to the deposited films.
In deposition of semiconductors by PLD, the kinetic energies of the incoming parti-
cles are higher than in e.g. MBE. This allows the use of lower substrate temperatures.
For example the heteroepitaxy of germanium is possible at a substrate temperature of
300 ◦C, whereas in MBE, the temperatures are typically higher than 700 ◦C. [144, 145]
However, PLD has struggled to compete with the crystal quality enabled by the estab-
lished epitaxial growth techniques. In addition, the possible advantages and improved
flexibility over established manufacturing methods are not necessarily big enough to
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Figure 4.1: A PLD setup consists of the laser, the vacuum chamber, and the holders for the
target and the substrate. Typically the surface of the target is raster-scanned for smooth ablation
of the whole target surface. This can be done either by moving the target mechanically or by
scanning the laser beam.
offset the risks related to migration to a new technique.
4.2 PLD systems
The key features of typical PLD systems are very similar. The system consists of a laser,
a vacuum chamber, holders for the target-material(s) and holders for the substrates that
the film is deposited on (Fig. 4.1). The equipment used in this work is described in
publications 1 and 2.
Vacuum chambers
The pressure ranges used in PLD vary from ultra-high vacuum (UHV) levels applied in
deposition of epitaxial films to the nearly atmospheric pressures applied in production
of nanoparticles and nanotubes. Depending on the application, the chamber can also
include gas feeds for inert or reactive gases. Therefore, it is understandable that the
chambers and the required pumping systems vary from very expensive and complex to
relatively simple and cheap.
The chamber needs at least one window for the laser and the window can be heated to
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protect it from the depositing material that could absorb the laser power. Typical setups
have several windows to allow in situ monitoring of the process.
Target holders
Laser ablation is typically carried out with pulses focused on a small spot on the surface
of the target and thus, to avoid cratering, the beam is raster-scanned over the surface.
This can be accomplished by moving the target, the beam or both. The motion of the
target is typically done mechanically with mechanical feedthroughs or by vacuum com-
patible motors. The beam scanning is done by using a 1-, 2- or 3-dimensional mirror
scanner or lenses. The target holders can also be designed to hold multiple targets that
can be exchanged without breaking the vacuum to allow the deposition of multilayered
films.
Another approach to avoid craters and droplets is to use molten targets, though this
approach is limited to materials with low evaporation rates near their melting point under
the applied pressure conditions (e.g. germanium). [144, 146]
Substrate holders
The substrate holders can be static, but homogeneous deposition on larger substrates
typically requires controlled movement. In typical systems the target-substrate distance
is adjustable to allow optimization of the energy of the arriving material. Depending
on the application, the substrates can be at room temperature or at considerably higher
temperatures. Similarly to the target holders, multiple substrate holders can also be used.
Lasers
Since the first experiments performed with a ruby laser, a wide selection of lasers has
been employed in PLD. The most widely used lasers are the nanosecond pulse excimer
lasers, with wavelengths in the ultra-violet (typically 157 nm – 351 nm). Due to their
short wavelength, the light is efficiently absorbed by most materials. As gas lasers, the
excimer lasers require careful maintenance to guarantee stable operation. The beam
quality of excimer lasers is also another issue that requires careful control and monitor-
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ing. Some work has also been done with CO2 based gas lasers with wavelengths near
10 µm.
Solid-state lasers require less maintenance, but typically operate at longer wave-
lengths that are not absorbed as efficiently. The most commonly used solid-state laser
material has been the Nd:YAG, which emits at a wavelength of 1064 nm. To improve
the absorption, nonlinear crystals are often used to decrease the wavelength of the laser
through second or third harmonic generation.
PLD experiments with femto- and picosecond pulses are typically carried out with
solid-state lasers, e.g. Nd:YAG or titanium sapphire lasers. Some work has also been
done with the fibre laser used in publications 1 and 2 and a free-electron laser. [147]
4.3 Film growth in PLD
The growth mechanisms of the thin films depend on the material system in question
and on the thermodynamic conditions during the process. In particular, the energy of
the incoming particles and the substrate temperature play an important role. [148] In
PLD the particles are typically very energetic with kinetic energies up to several tens of
electron volts. This allows deposition of dense, high-quality thin-films at lower substrate
temperatures than is required in most other methods.
In addition to deposition of smooth films, PLD can be used to produce nanomateri-
als. One approach is PLD in high background pressures, which produces nanoparticles
and nanotubes. Furthermore, it can be used to deposit high surface area films. Fem-
tosecond laser ablation offers another possibility as it inherently leads to formation of
nanoparticles.
Effect of background gas pressure
The high kinetic energy can lead to recoiling of the incoming particles (atoms, ions)
from the substrate [97,99], implantation of the particles into the substrate and sputtering
of the substrate or the deposited thin-film [149]. The energy of the particles can be
controlled by increasing the background pressure or the distance between the target and
the substrate.
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Figure 4.2: The increasing oxygen pressure slows down the particles in the plume, initially
increasing the thickness of the grown Y ZO-films. This is caused by fewer particles recoiling
away from the surface, reduced film-sputtering, increased incorporation of oxygen into the film
and lower density of the formed film. The reduced density can be observed easily from the top-
down perspective. At sufficiently high pressures the thickness of the film drops as fewer particles
reach the substrate. The deposition time for all samples was 30 minutes. The pressure values in
the picture are expressed in mbar.
At background pressures below 10−2 mbar the plume expansion is relatively unhin-
dered by the background gas and is adequately described by the models of adiabatic
expansion of a gas cloud into the vacuum. [130, 150] Higher pressures lead to increased
collisions between the particles in the plume and the background gas, reducing the speed
of expansion. The slightly decreased energy is typically observed as an increase in the
growth rate of the film (Fig. 4.2). The increase can be attributed to fewer particles re-
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(a) (b)
Figure 4.3: PLD in high background pressures leads to formation and deposition of nanoparti-
cles (a). With even higher pressures the slow nanoparticles form loose, foam-like deposits with
very high specific areas suitable for catalytic applications (b). Titanium dioxide (a) and nickel
(b) samples were both deposited with fibre laser PLD.
coiling from the substrate and reduced sputtering. With even higher pressures, the film
thickness increases as the particle energy is no longer high enough to deposit as dense
films as in vacuum. If the background gas is reactive, like oxygen in the case of zirco-
nium dioxide (Fig. 4.2), the incorporation of gas can also lead to thicker films.
With pressures above 10−1 mbar the increased collisions of the particles with the
background gas lead to diffusion of the material over a larger area, possibly away from
the substrate. Therefore, the deposited films are thinner.2
Even higher pressures lead to formation of a ”shock-front” at the plume-background
gas interface and causes nucleation of nanoparticles (Fig 4.3 (a)). [97,151–155] Increas-
ing the pressure further slows down the nanoparticles and leads to deposition of foam-
like structures with extremely high specific surface areas that are useful in e.g. catalytic
applications (Fig. 4.3 (b)). [156, 157]
2Note that the films shown in Fig. 4.2 have been deposited with a high-repetition rate laser in the
thermal evaporation mode (chapter 3, P1 and P2). However, the observations are similar to those obtained
with nanosecond pulse excimer lasers [150] though the thermal evaporation mode itself in some respects
is different.
40
4.3 Film growth in PLD
Effect of the pulse length
PLD with nanosecond pulse lasers produces high quality films, but it requires precise
control of the process parameters. The laser needs to be very stable and have sufficiently
high beam quality. The surface of the target needs to be ablated evenly, yet the quality
of the surface can still degrade during long depositions. Deviation from the optimal
parameters can lead to production of droplets that deteriorate the quality of the film.
The ablation process with femtosecond pulses is almost free of thermal effects and
thus is less prone to droplet formation. In addition, the surface quality of the target is
higher after femtosecond pulse ablation, as shown by micro-machining studies. [58] It
has indeed been shown that use of ultra-short pulses in PLD avoids the droplet problems,
but unfortunately introduces a new problem: the evaporated material forms nanoparti-
cles. [84, 85, 158–160]
The nanoparticles can be either evaporated directly from the material or formed
through collisions in the dense plasma. In ablation with nanosecond pulses, the laser
interacts strongly with the plume and dissociates the evaporated molecules and clusters.
In the case of femtosecond (and in most cases picosecond) pulses the laser pulse is over
before any significant ablation occurs. Thus, the formed nanoparticles remain intact and
can serve as nucleation centres during gas expansion and increase in size. Nanoparticle
creation is thus an inherent feature of ultra-short pulse PLD.
Improvement of the homogeneity of the film thickness
Due to the directed nature of the plume, the films are deposited over relatively small areas
and have considerable thickness variation. In an effort to improve the film homogeneity
over the deposition area, a simulation model for the deposition process and resulting
film appearance was developed using Matlab®. The effective plume profile and the
deposition rate were estimated from the deposited film thickness profiles. The simulated
thickness profile was transformed into the visual appearance of the transparent film by
calculating the reflection spectra at each point and then converting the spectrum into
the RGB-coordinates3 (Fig. 4.4 (a) and (b)). A sample deposited on a two-inch silicon
3The conversion to RGB(Red-Green-Blue) was made by the Colorlab Toolbox collected by the Univer-
sity of Joensuu Color Group and coded by Tuija Jetsu. http://cs.joensuu.fi/colorlab_toolbox/
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(a) (b) (c)
(d) (e) (f)
Figure 4.4: Results obtained with the model developed for the calculation of the deposited thick-
ness profile (a) and the visual appearance of the film (b). A photograph of the real sample shows
good agreement with the simulation results (c). The thickness (d), the simulated appearance (e)
and the photo (f) for the optimized process.
wafer, with the simulated parameters was found to match the simulation well (Fig. 4.4
(c)).
The simulations were then used to optimize the rotation of the substrate in order to
maximize the homogeneity of the film thickness and again, the simulation was found to
agree well with the actual deposition. It correctly predicted both the optical thickness
and the thickness profile of the film (Fig. 4.4 (d)-(f)). Thickness variation over the
two-inch wafer was reduced from the initial 1600% down to 20%. The radius of the
homogeneous area with less than 5% thickness variation was increased from 2 mm to 15
mm.
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Figure 4.5: The growth of a transparent film can be monitored in real time by measuring the
interference of a laser beam reflected from the surfaces of the substrate and the growing film.
Real-time monitoring of the film deposition
A real-time measurement system was built to complement the film homogeneity opti-
mization (Fig. 4.5). [161] The thickness of a transparent oxide film can be measured
during growth by measuring the reflectivity of the surface using a laser beam. The in-
terference between the beams reflected from the surfaces of the substrate and the film
causes the intensity of the reflected signal to oscillate as the film grows.
Comparison between the measurement and the simulated data allows the determina-
tion of the film thickness. In addition, the measurement can be used to monitor the film
quality and changes in the growth rate. These can be caused e.g. by target deterioration
or by absorption of the ablating laser power due to deposition on the chamber windows.
4.4 PLD with high-repetition rate lasers
Use of low-energy pulses with megahertz repetition rates for deposition of particle-free,
high-quality films was first suggested by Gamaly et al.. [162,163] Megahertz-range rep-
etition rates lower FT h and allow use of very low pulse energies as discussed in section
3.7 and publications P1 and P2. The decrease of the threshold was observed to saturate
at high values of Np (Fig. 3.9) and an inspection of the targets confirmed the thermal
nature of the ablation process with repetition rates above 2 MHz (Fig. 3.10).
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(a)
(b)
Figure 4.6: The films deposited with low Np consist of nanoparticles (a). High Np and repetition
rate of 2 MHz or above changes the ablation mechanism into thermal evaporation, which yields
smooth films (b).
The transition into the saturation regime was accompanied by a significant change
in the deposited film quality. Picosecond pulse PLD of oxides (e.g. Y ZO and titanium
dioxide, TiO2) with repetition rates of 1MHz and below yields films that are similar to
those deposited with femtosecond PLD (Fig. 4.6 (a)). [84, 85, 158–160]
The films deposited at higher repetition rates in the saturation regime are smooth and
free from particles (Fig. 4.6 (b)). The notable change is caused by the local melting of
the target due to accumulated heat. The ablation mechanism then changes from single
pulse ablation to thermal evaporation and pulsed ablation from a liquid surface.
The saturation values for FT h were 0.16 J/cm2, 0.08 J/cm2 and 0.03 J/cm2 for
1 MHz, 2 MHz and 4 MHz, respectively (P1). It is worth noting that the average power
in each case is almost identical. It was found for 2 MHz and 4 MHz repetition rates, that
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Table 4.1: XPS measurements of YZO films
Sample λ[nm] flaser[MHz] Np Y/(Y +Zr)%
Target 5.1%
1 1064 0.5 10 5.2%
2 355 0.5 10 5.8%
3 1064 1 17 5.3%
4 1064 4 68 4.8%
5 1064 4 13600 3.8%
6 1064 4 13600 4.2%
ablation with fluences above 0.1 J/cm2 leads to the onset of single pulse ablation and
deposition of particles even with Np in the saturation regime. The saturation threshold
for 1 MHz is above this value and thus single pulse ablation dominates and the purely
thermal ablation regime is not reached.
The two ablation regimes can be distinguished by the visual appearance of the gen-
erated plume. The plume generated by ablation with low Np has a bright, jet-like core
similar to femtosecond pulse generated plasmas. In the thermal regime the plume is
much broader and diffuse.
The high quality of the films is achieved at the cost of losing the stoichiometry.
X-ray photoelectron spectroscopy (XPS) measurements of the target and the deposited
films (Table 4.1, P2) show that the stoichiometry of the films deposited with low Np
have an yttrium and zirconium ratio close to that of the target. Films deposited in the
thermal regime are zirconium-rich. Quite surprisingly, the films deposited with a shorter
wavelength were found to be yttrium rich. All of the studied films were deposited with
fluences very close to FT h.
For PLD with nanosecond pulses it was reported that the Y/Zr-ratio is preserved only
when the fluence is approximately two times higher than FT h. [164] Deposition close
to the ablation threshold led to deposition of yttrium deficient films. Purely thermal
methods have been reported to cause yttrium losses of up to 30%. [165]
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Figure 4.7: Growth rates for Y ZO measured at 4 MHz repetition rate. The shaded area marks
the thermal evaporation zone that yields smooth films. The left SEM-image shows a smooth film
deposited at 1.07 W and the right image shows a film formed of nanoparticle deposited at 1.46
W.
4.5 Upscaling of the deposition rates
The growth rates of the smooth films were studied as a function of the repetition rate. The
scanning speed of the beam was kept constant, at 5 mm/s, corresponding to the thermal
evaporation regime for megahertz-range repetition rates. For 4 MHz, the transition from
thermal evaporation to pulsed ablation occurs at slightly above 1 W, corresponding to a
growth rate of 3.5 Å/s. Figure 4.7 includes SEM-images of the films deposited in the
different regimes.
Increasing the repetition rate to 20 MHz increases the growth rates already at lower
powers by keeping the local temperature above the melting temperature more consis-
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Table 4.2: Maximum deposition rates achieved for smooth Y ZO-films
Repetition rate Maximum deposition rate [Å/s] Optical power [W]
4 MHz 3.5 1.1
20 MHz 12 1.5
CW 10 2.0
(a) (b)
Figure 4.8: Growth rates can be increased with higher repetition rate lasers. The maximum
growth rate for Y ZO with a 20 MHz laser without deterioration of film quality was four times
larger than for 4 MHz (a). In comparison to CW-lasers, 20% higher maximum growth rate can
be achieved with 50% of the optical power with 20 MHz repetition rate (b).
tently (Fig. 4.8 (a)). In addition, as the pulse energy is lower, the transition to the partic-
ulate ablation regime does not occur until at approximately 1.5 W power, corresponding
to a maximum growth rate of 12 Å/s.
For comparison, the deposition was tested with a CW-laser. The growth rates at
low powers are only slightly below those achieved with 4 MHz (Fig. 4.8 (b)). When
the power is increased above 2 W the films include small droplets and particles. It is
noteworthy that the maximum achievable growth rate under these conditions was 20%
lower (10 Å/s) when compared to the 20 MHz repetition rate. In addition, the required
optical power to achieve the maximum rate was 50% lower for the pulsed laser .
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Chapter 5
Pulsed Laser Ablation in Liquids
Pulsed laser ablation in liquids (PLAL) is a versatile and clean method for production
of nanoparticle colloids. The produced particles are pure, very well suited for further
functionalization [166, 167] and can easily be incorporated into e.g. polymer matrices
[168–171]. The process can be run continuously and recently production rates of several
grams per hour have been demonstrated. [172]
The interaction of laser pulses at a solid-liquid interface was first studied for mod-
ification of iron to create a surface-layer of metastable oxide phases. [173] PLAL for
nanoparticle generation was first reported in the early 1990’s. The first report was the
observation of diamond particulates after pulsed ruby-laser irradiation of a graphite tar-
get in benzene. [7] Two other pioneering groups reported nanoparticle generation during
the next year. [174, 175] Each of these reports has also been cited as the first PLAL
experiment in various sources.
Typically PLAL-experiments are performed under ambient conditions (room temper-
ature, atmospheric pressure) with the target immersed in static or flowing liquid, which
is transparent at the applied laser wavelength. The liquid confines the expansion of the
laser-produced plasma, which induces nucleation and growth of nanoparticles. The pro-
duced nanoparticles are typically electrically charged and thus form stable colloids in
suitable liquids. The most extensively studied materials are the noble metals. However,
experiments have been performed with most stable and solid elements either in elemental
form or as part of a compound (Fig. 5.1).
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In clear contrast to PLD research, in PLAL, there is no clear wavelength of choice.
Most experiments are performed using lasers with visible or near-infrared wavelengths.
[176] Recently some work has also been done with CW-lasers. [177]
Some of the more exotic PLAL experiments include ablation in high pressure liquids
to produce carbon nanotubes [178] and ablation in supercritical liquids [179]. The results
achieved in size-reduction and size-control of gold nanoparticles in supercritical water
are especially promising. [180] Ablation in liquid helium was used to produce neutral
atoms by ablating the produced nanoparticles and clusters with a second laser. [181]
Ablation in liquid nitrogen was studied for production of titanium nitride and silicon
nanoparticles. [182]
Due to the complex nature of the process and relative novelty of the technique, no
theoretical model covers the whole process. Efforts to describe the different aspects of
the process have been made with varying success and the general processes are relatively
well understood for the most studied material systems. For the interested reader, there
are several reviews available covering different aspects of the PLAL process and the
achieved results. [176, 183–187]1
This chapter will begin with a short comparison of PLAL with some other methods
of nanoparticle fabrication, especially to the chemical synthesis of nanoparticles. The
advantages and disadvantages of PLAL are described.
The discussion is then continued with the mechanisms of nanoparticle generation
by laser ablation in liquids and behaviour of the particles in the liquids. The end of
this chapter focuses on research towards combination of PLAL with chemical synthesis
of luminescent gallium arsenide (GaAs) nanoparticles (publication 3) and single-step
PLAL synthesis of gold nanoparticles with silica-shells (publication 4). Finally, the
graphical summary of the timescales related to laser ablation from chapter 3 is extended
to cover the timescales related to PLAL (Fig. 5.12).
1None of the reviews is comprehensive. For a good introduction to the benefits and prospects of the
method reference [186] is recommended. For a review of the processes and theory of PLAL the suggested
reference is [176] and finally for a review of the results achieved with PLAL references [176,184,187] are
suggested.
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Figure 5.1: The periodic table of elements. Nanoparticles consisting of the elements that are
shaded blue have been produced with PLAL, either in elemental form or as part of a compound.
The figure is adapted from references [187] and [188], where the references for the related ex-
periments can be found.
5.1 Comparison of methods to produce nanoparticles
There are various techniques for the production of nanoparticles. The techniques can
be classified into top-down approaches, where macroscopic materials are divided into
smaller particles, and bottom-up, where the nanoparticles are formed from atoms or
molecules.
The top-down approaches are typically milling or fragmentation processes, where
larger particles are ground to create smaller particles. The resulting particles are typically
rather large with broad size distributions. Other examples of top-down methods are laser
fragmentation and production of nanodiamonds in explosion chambers.
The bottom-up approaches include various heat-induced gas phase techniques, where
the heat can be delivered e.g. by a flame, plasma, laser or electron beam. The liquid
phase methods are typically chemical in nature.
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Chemical synthesis of nanoparticle solutions
The prevalent method for preparation of nanoparticle solutions is chemical synthesis
from precursor molecules. The method enables excellent control of the nanoparticle
size and size distribution, which are typically much harder to control in PLAL. This
makes chemical synthesis the method of choice for applications that require monodis-
perse nanoparticles. The production rates achievable through chemical synthesis are
considerably higher than those reachable with currently available PLAL systems.
The largest pitfall of the method lies in the precursor chemicals which can be toxic
and detrimental for the intended application. It can be very difficult and time consuming
to remove these residues from the nanoparticles. [189, 190] In addition, the stability of
the nanoparticle-colloids produced chemically is typically achieved through stabilizing
surfactants and ligands, which can hinder further functionalization of the particles.
In PLAL, the ability to produce nanoparticles directly from the desired compounds
allows production of pure nanoparticles.2 The ability to produce nanoparticles that are
stable due to their electrical charge in carefully selected solvents removes the need for
stabilizing agents and makes particles produced by PLAL especially suitable for further
functionalization. [166, 167] It has also been shown that PLAL generated nanoparticles
incorporate easily into polymer matrices. [168–171] Furthermore, a wider variety of ma-
terials can be produced with PLAL and the raw materials are typically an order of mag-
nitude cheaper than the precursor chemicals. PLAL can also be adapted for continuous
production, whereas chemical synthesis is typically a batch-process.
Though the size control with PLAL is not up to par with chemical synthesis, the
average size and the width of the size-distribution of nanoparticles produced in PLAL
can be controlled and improved by surfactants [191], laser fluence [192], choice of sol-
vent [193], wavelength [194] or by quenching the growth by conjugating molecules in
liquid flow [195]. Another approach to produce nanoparticle-solutions with pulsed lasers
is laser fragmentation. [180,196–198] In this method, a solution of larger clusters is frag-
mented into nanoparticles. The two approaches can be used in combination to control
2The interaction of the liquid with the laser, the produced free ions and atoms and the laser-induced
plasma can potentially lead to production of undesired compounds in certain material systems and thus
great care needs to be taken during the analysis of the produced solutions.
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the size-distribution of PLAL-produced nanoparticles. [199, 200]
Flame spray pyrolysis
Flame spray pyrolysis is a continuous process capable of producing very high quantities
of nanoparticles rapidly. The method can be used in ambient conditions and is already
implemented into mass production in e.g. paper mills. The nanoparticles are produced
into an aerosol and this makes the method more suitable for deposition directly on the
desired substrate than preparation of transferable nanoparticles.
Similarly to PLAL, the size distribution is wide and in addition, size control is inef-
ficient and typically based on selection of suitably sized particles. The raw materials in
flame pyrolysis need to be soluble and thus the selection is more limited than in PLAL.
The production of nanoparticles directly into air creates an occupational hazard that is
mostly avoided in synthesis in liquids.
5.2 Pulsed laser ablation in liquids
Progression of the ablation process in a liquid
The initial stages of the ablation process are similar to those described in chapter 3 and
lead to the formation of a plasma. Absorption and non-linear effects in the liquid need to
be taken into account especially in the case of femtosecond pulses or slightly absorbing
liquids. [201]
Addition of a liquid complicates the process in many ways. First, the liquid confines
the laser-produced plasma and strongly limits its expansion. Second, the sudden expan-
sion of the plasma and (super-)heating of the liquid can lead to the formation of a shock
wave and a bubble into which the plasma then expands (Fig. 5.2 (2)). [202, 203] The
confined expansion and the rapid cooling of the plasma enhance nanoparticle nucleation
(Fig. 5.2 (3)). Some of the formed nanoparticles, atoms and ions can escape from the
bubble into the liquid, but most of the particles are trapped within. [204]
The eventual collapse of the bubble quenches the nucleation and growth of the
nanoparticles (Fig. 5.2 (4)), but also enhances the production of agglomerates. [205]
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Figure 5.2: The simplified progression of a PLAL-process. Laser ablation generates (1) a hot
plasma which causes a shock wave and an expanding bubble (2) through phase explosion or cavi-
tation. Plasma then expands into this bubble (3), and rapidly cools down which causes nucleation
of nanoparticles. The collapse of the bubble (4) quenches the nucleation process and releases the
particles into the liquid (5). In the liquid the particles continue to grow through the condensation
of atoms and ions released into the liquid during ablation or through the incorporation of smaller
nanoparticles.
In the collapse, the temperature and the pressure are again increased close to the condi-
tions of the initial, laser-induced plasma, which can cause cratering of the target. [206]
The collapse can cause a new shock wave and another, albeit smaller, bubble. [202–204]
The number of oscillations of expanding and collapsing bubbles depends on the pulse
energy, the size of the ablated area and the properties of the liquid. The bubble dynamics
and the high energies related to the collapse of the bubble can have a significant impact
on the properties of the produced nanoparticles. [203, 205] In the case of higher repe-
tition rate lasers, the bubbles can limit the productivity of the method by scattering the
laser pulses. [207]
After the collapse of the bubble, the nanoparticles are released into the liquid. The
growth continues for several seconds by condensation of ablated atoms and ions and
possibly by Ostwald ripening as smaller particles are incorporated into larger ones. [191,
195, 208]
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Because the plasma expansion takes place within the bubble and the surrounding
liquid is pushed away, the reactions in the plasma and the nucleation occur almost solely
between elemental species that originate from the target. However, in the initial phases
of the process, some molecules from the liquid can be caught inside the plasma and the
forming bubble. This can lead to the inclusion of the elements present in the solvent into
the nanoparticles as impurities, especially if the elements are reactive and readily form
compounds with the elements present in the target.
Most of the interaction between the nanoparticles and the solvent occurs after the
bubble has collapsed. Possible surfactants and ligands in the solvent attach to the nanopar-
ticles on a sub-second timescale, which allows size tailoring by performing PLAL in a
flow-chamber and controlling the time-delay of the addition of the surfactants. [195]
Chemical reactions between the nanoparticles and the liquid e.g. oxidation occur at
varying rates depending on the materials in question.
During the ablation process the emitted, reactive material is confined close to the
target surface, and thus the target related effects like redeposition, sputtering and frag-
mentation are enhanced, especially during the bubble collapse. This increases the abla-
tion rate compared to ablation in a gas atmosphere or vacuum. In addition, the laser can
decompose the molecules of the liquid, creating reactive species. The interplay of laser
activation and chemical etching is used in laser-induced etching [209] and laser-induced
backside wet-etching (LIBWE) [210].
5.3 Bubble dynamics
The dynamics of cavitation bubbles and laser-induced bubbles have been studied exten-
sively. [211, 212] The bubbles formed in PLAL differ from the ideal, spherical bubbles
formed within a liquid in a few important ways. First, the bubbles are attached to the
target surface. Therefore the bubbles are hemispheres and collapse towards the surface.
Second, the bubble is not empty or filled with vapour of the liquid, but holds the en-
ergetic plasma in the initial stages and a gas-nanoparticle mixture during the collapse.
Third, a high-repetition rate laser can influence the bubble dynamics due to ablation by
subsequent pulses or by interacting with the material inside the bubble. [213]
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Figure 5.3: Shadowgraph images with 10 ns resolution show the bubble dynamics during laser
ablation in liquid. The emitted shock wave can be seen in picture (b). [194]4
The role of the bubble dynamics in PLAL have been studied by emission spec-
troscopy [214], shadowgraphy [202, 203, 215], light scattering [204] and small angle
x-ray scattering [205, 216], but more work is required to fully understand the influence
of the bubble dynamics on the properties of the produced nanoparticles. Many of the
studies focusing on the dynamics of the bubbles have been done with high pulse en-
ergies and fluences well above FT h, therefore it is important to keep in mind that the
processes during ablation close to FT h can be somewhat different.
In addition, when using very high repetition rates, such as those in publication 3, each
pulse will not form an individual bubble. Instead, the ablation from subsequent pulses
occurs into the bubble formed by previous pulses and the bubble dynamics become much
more complex. [213]
Laser ablation causes emission of two shock waves, one into the liquid (Fig. 5.3 (b))
and one into the target material. [217] In water, the shockwave can initially expand at
speeds in excess of 2500 m/s. [202] When the laser is focused directly into the liquid,
as in laser-induced bubble generation, the shock wave dissipates a considerable fraction
of the total absorbed laser pulse energy. [218] In PLAL, however, the laser pulse is first
absorbed by the solid target and the shock wave is a consequence of the ablation and
the formation of the plasma. Therefore, the results and conclusions are not directly
transferable.
4Reprinted from Applied surface science, Vol. 254, T. Tsuji, D. Thang, Y. Okazaki, M. Nakanishi,
Y. Tsuboi and M. Tsuji, ”Preparation of silver nanoparticles by laser ablation in polyvinylpyrrolidone
solutions,” pp.5224-5230, Copyright (2008), with permission from Elsevier
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The expansion of the cavitation bubble is slower than the shock wave (Fig. 5.3
(c)) and a simple estimation for the radius of the bubble, R(t) can be calculated by the
Rayleigh-Plesset equation [211]:
R(t)
d2R(t)
dt2
+
3
2
(
dR(t)
dt
)2
=
1
ρl
(
PB(t)−P∞− 2σR(t) −
4η
R(t)
dR(t)
dt
)
, (5.1)
where P∞ is the liquid pressure at infinity, σ is the surface tension of the liquid, ρl is the
density of the liquid and η is the viscosity coefficient of the liquid. The driving force of
the expansion is the bubble pressure PB(t) induced by the expansion of the plasma.
The Rayleigh-Plesset equation does not take into account the possible thermal effects
or the fact that the bubble is not empty. In addition, it works well only for expansion
speeds well below the speed of sound in the liquid. However, it fits experimental data
relatively well and can thus be used to estimate the energy and the oscillation time of the
bubble. [176]
The speed of the expansion of the laser generated plasma into vacuum is typically
tens of kilometres per second. [60–62] The initial expansion into the liquid is also very
fast, as evidenced by the emitted shock wave. The emission of sound becomes a sig-
nificant energy-loss mechanism for a bubble when its expansion speed approaches or
exceeds the velocity of sound in the liquid. Therefore, the use of the Rayleigh-Plesset
equation becomes questionable. Sound emission is incorporated into the slightly more
complex Keller-Miksis equation [219, 220]:
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(5.2)
where cl is the speed of sound in the liquid.
Typically the life-time of the bubble is from 100 microseconds to a few hundred
microseconds. [220] The bubble life-time can be considerably shortened in higher pres-
sures. [203]
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Figure 5.4: The free energy related to homogeneous nucleation of nanoparticles. The energy
released in the formation of a particle (−∆G∗v) is offset by the energy required to form its surface
(Aσ), creating an energy barrier ∆G∗. Thus particles below the critical size r∗ are not stable and
will dissolve.
5.4 Nucleation of nanoparticles
Nanoparticles can be formed from vapour or from atoms dissolved in a liquid. In either
case the basis of the thermodynamical model used to describe the process of nucleation
and subsequent growth is similar. A prerequisite for the nucleation is that the system is
supercooled (vapour) or supersaturated (vapour or liquid). Formation of nanoparticles
by PLD takes place in the vapour phase, but in PLAL the nucleation occurs primarily in
the vapour phase, but the growth continues in the liquid.
The change in the Gibbs free energy, ∆G, associated with the nucleation of spherical
nanoparticles of radius r is
∆G =−4pi
3
r3∆GV +4pir2σ, (5.3)
where ∆GV is the energy released in the formation of the particle per unit volume and
σ is the energy per unit area required to form the interface between the particle and the
surrounding medium, i.e. the surface of the particle. The surface tension of the bulk
material can typically be used as σ for clusters larger than few tens of atoms.
Small clusters have a very high ratio of surface atoms and therefore the clusters are
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not stable (Fig 5.4). The limit of stability can be calculated from the condition
d∆G
dr
= 0, (5.4)
to obtain the critical radius r∗
r∗ =
2σ
∆GV
, (5.5)
below which the particles are not stable and will tend to dissolve. The energy required
to form a nanoparticle of the critical size is ∆G∗
∆G∗ =
16piσ3
3∆G2V
. (5.6)
In thermodynamical equilibrium the probability of nucleation, P∗ for nanoparticles of
the critical size can be estimated on the basis of the height of the energy barrier ∆G∗ and
the temperature T
P∗ ∝ e(−∆G
∗/kBT ). (5.7)
The rate of nucleation can be approximated from the Zeldovich-Raizer theory [221,222]
which has been applied to model the formation of cosmic dust during vapour expansion
after collisions between large meteorites and planets without atmospheres. The the-
ory was adapted for the problem of nanoparticle formation in laser ablation plumes by
Luk’yanchuk et al.. [223] This reference is highly recommended for a reader interested
in a detailed discussion about the problem.
The rapid expansion and cooling of the ablated material leads to (super)saturation in
the vapour, and the nucleation of the nanoparticles begins. Due to the formation of the
Knudsen layer, the plasma produced in laser ablation into vacuum can be considered to
be in thermal equilibrium. The assumption of thermal equilibrium is even more justified
under the additional confinement induced by a surrounding medium, be it vapour or
liquid. The equilibrium can break down in the later stages of ablation into vacuum as the
particles in the rarified plume no longer interact.
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The rate of nucleation can be estimated by assuming that the nucleation process
follows the adiabat between the vapour and the liquid phase.5 It is proportional to
dN
dt
∝ exp
(
−16piσ
3m2
3k3Bqρl
Teq
Tv(Teq−Tv)2
)
, (5.8)
where N is the number of nuclei in the vapour, Tv is the vapour temperature, Teq is the
equilibrium temperature along the adiabat, q is the heat of vaporization of the nucleating
material, m is the atomic mass of the nucleating species, ρl is the density of the liquid
phase and kB is the Boltzmann constant.
The growth of the formed nuclei depends on the prevailing conditions. If the growth
is limited by diffusion of atoms from the surrounding medium, the size distribution of the
particles gets narrower during the growth. On the other hand, if the growth is governed
by surface processes, i.e. reaction kinetics, the size distribution gets broader. In the
initial nucleation and growth stage in the dense laser generated plume or plasma the
nanoparticles are very hot. While atoms are deposited on the surface of a nanoparticle,
some atoms are evaporated from the surface. Therefore this stage is controlled by the
kinetics between condensation and evaporation of the atoms. The rate of growth of a
nanoparticle with g atoms can be estimated by
dg
dt
= pir2ρNv(Tv)
[
1− exp
(
−q(Teq−Tv)
TvTeq
(
1− r
∗
r
))]
, (5.9)
where ρN is the number density of atoms in the vapour phase and v(Tv) is the mean
velocity of the atoms in the vapour.
In the case of ablation into vacuum the growth of the nanoparticles is quenched
when the plume has expanded so much that the vapour species no longer interact. When
a background gas confines the expansion the growth continues until the vapour is no
longer saturated.
The case of ablation into liquids is much more complicated. First, the confinement by
the bubble can sustain higher density in the vapour phase and thus prolong the nucleation
and growth phase. Second, the expansion and the collapse of the bubble controls the ther-
modynamic conditions in the vapour. The growth of the nanoparticles can be quenched
5Though it might be obvious to the reader, it should be emphasized that the nucleated particles are in
liquid phase initially.
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and restarted by the bubble collapse and rebound, respectively. After the nanoparticles
and the remaining vapour are released into the liquid, the nanoparticles enter a diffusion
limited growth which can narrow the broad size distribution created during the initial
growth phase.
Therefore, from a thermodynamic viewpoint, to grow nanoparticles with a narrow
size distribution by PLAL it would be beneficial to limit the life-time of the bubble,
allowing only nucleation of the particles, and subsequently have the growth take place in
the liquid. In the case of ablation of silicon into vacuum, the nucleation was estimated to
occur in a few microseconds and the nucleation was quickly quenched due to the rapid
expansion of the plasma. [223] The formed particles are therefore very small (≈1.5 nm)
and the size distribution is narrow.
However, the PLAL process is complicated and the bubble dynamics can cause rapid
agglomeration and coagulation not predicted by the simple thermodynamic treatment.
The nucleation time estimate is two orders of magnitude shorter than the reported life-
times of the bubbles in PLAL. Only very recently, groundbreaking experiments have
been able to study the processes within the bubble. [205, 216]
Two other features of laser ablation affect the size distribution. First, the plume is
inhomogeneous. The differences in the density and the temperature of different plume
regions cause different nucleation conditions and thus different critical nuclei sizes, and
furthermore the growth conditions are different. Second, the charged species behave
differently from the neutral atoms considered here.
5.5 Nanoparticles in the solvent
After the nucleation and initial growth in the plasma and in the bubble, the nanoparticles
are released into the liquid. As already mentioned, the particles can grow by conden-
sation of atoms and coalescence of smaller clusters. [195] The particles produced with
PLAL tend to be electrically charged which leads to stable nanoparticle colloids after
the initial coalescence.
In a study of PLAL-produced gold nanoparticles in water it was found that the gold
surfaces are partially oxidized, which can be the cause of the charge on the surface of the
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particles. [224] The addition of salts increases the amount of free charges in the solvent
and it was found to decrease the initial coalescence, which led to considerably smaller
nanoparticles.
Stabilization through electrostatic repulsion leaves the surfaces of noble metal parti-
cles reactive, which enables functionalization by conjugation of molecules. [166, 167]
Zeta-potential
Figure 5.5: The zeta-potential is defined as
the potential between the liquid and the slipping
plane surrounding the charged particle. Adapted
from reference [225].
The charged particle surface attracts the
opposite charges creating an electrical
double layer. The ions closest to the sur-
face move with the particle and form a
strongly bound Stern layer. The Coulom-
bic attraction is masked further away from
the surface and ions further than the so-
called slipping plane do not move with
the particle. The potential between the
slipping plane and the bulk of the liquid
is called the zeta-potential, ζ. [225, 226]
The particles can be considered to be sta-
ble due to electrostatic repulsion when the
zeta-potential is above 35 mV or below -
35 mV.
The zeta-potential is strongly depen-
dent on the pH of the solvent. Typically,
the potential is more negative in alkaline
solutions and more positive in acidic so-
lutions. When the pH is adjusted continuously, the zeta-potential changes and typically
goes to zero at the pH corresponding to the so-called isoelectric point and changes sign
thereafter.
The charged particles can be controlled by electric fields and deposited through elec-
trophoresis. This has been demonstrated by coating e.g. electrodes and stents with
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Figure 5.6: Laser ablation of GaAs in water leads to formation of large, oxidized clusters that
rapidly form a sediment at the bottom of the container. Addition of small amounts of ammonium
sulphide passivates the surfaces of the nanoparticles. Nanoparticles deposited from the stable
and passivated solutions emit visible photoluminescence.
nanoparticles produced by PLAL. [227,228] The electrophoretic velocity vE under elec-
tric field E is:
v =UEE, (5.10)
where UE , is the electrophoretic mobility, which can be calculated from the Henry equa-
tion [229]:
UE =
2εrε0ζ f (κa)
3η
, (5.11)
where εr is the relative dielectric constant of the solvent, ε0 is the dielectric constant of
vacuum, η is the viscosity of the solvent and f (κa) is Henry’s function. The exact value
of f (κa) depends on the size of the particles and on the concentration of electrolytes in
the solvent. For nanoparticles, f (κa)≈ 1 is typically a good approximation.
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5.6 Production of GaAs nanoparticles
In the previous sections the unique features of PLAL have been described. The nucle-
ation of the nanoparticles inside an expanding plasma and the bubble void of the liquid
enables production of pure nanoparticles. The freshly nucleated nanoparticles are trans-
ferred into the solvent where they continue to grow. This allows the solvent and the
molecules within it to influence the nanoparticles, enabling tailoring of the particle size
and surface properties.
In experiments described in publication 3, a fibre laser (λ ≈ 1060 nm) was used to
produce GaAs-nanoparticles. The nanoparticles were surface-passivated with addition
of ammonium sulphide into the ablation solvents.
The direct band gap of GaAs (1.42 eV at room temperature) can be tuned across the
visible spectrum by quantum confinement effects. Due to the large Bohr exciton radius
in GaAs of 19 nm [230] these effects can already be observed at quite large crystal sizes.
Prior art
GaAs nanoparticles have been produced chemically by several synthesis routes:
• from GaCl3 and As(SiMe3)3 in quinoline [231, 232]
• from GaCl3 and (Na/K)3As in toluene, monoglyme and diglyme [233]
• from GaCl3 and As(NMe2)3 in 4-ethylpyridine [234]
• single organometallic precursor in hexadecylamine [235]
The chemically synthesized nanoparticles have been reported to show blue-shifted band
gap absorption [231–236] and photoluminescence at visible wavelengths [232–236].
The reported chemical synthesis routes require several process steps and complex pre-
cursors. Therefore, the process can take several days to complete.
Laser ablation has been used to produce GaAs nanoparticles in a nitrogen flow
and the crystals were reported to be luminescent at a temperature of 2 K. [237] GaAs
nanoparticles produced by PLAL were reported by two groups. [238, 239] Lalayan re-
ported visible luminescence, but the samples were not thoroughly characterized to con-
firm the source of the luminescence. [238] Ganeev et al. reported Ga-rich nanoparticles
with no clear band-edge absorption and the photoluminescence was not examined. [239]
64
5.6 Production of GaAs nanoparticles
The surface of pure GaAs tends to oxidise, which can be detrimental for the proper-
ties of the nanoparticles. The thickness of the oxide can be comparable to the nanopar-
ticle size and in some cases the nanoparticles can be completely oxidized. In addi-
tion, the surface defects affect the electronic and the optical properties of the nanopar-
ticles. In the particular case of photoluminescence, the (surface) defects can enhance
non-radiative transition, reducing the photoluminescence. Traub et al. etched the sur-
face oxide of chemically prepared nanoparticles and subsequently passivated the surface
with sulphur. [240] The photoluminescence intensity was reported to improve signifi-
cantly, especially after thermal annealing. The nanoparticles in their study were larger
than the Bohr exciton radius and thus behaved like bulk-GaAs.
5.6.1 GaAs nanoparticles produced by high-repetition rate fibre laser
The production of GaAs nanoparticles by PLAL was performed in ethanol, de-ionized
water and aqueous solutions of ammonium sulphide, a well known surface passivation
agent used for bulk GaAs. [241]
The nanoparticle colloids produced in de-ionized water aggregated rapidly and formed
a sediment on the bottom of the container. The nanoparticles were stable in ethanol and
in ammonium sulphide solutions with concentrations between 0.1 and 10 mmol/l. (Fig.
5.6)
Zeta-potential measurements show that the samples produced in ethanol (ζ= -41
mV) and 10 mmol/l of ammonium sulphide (ζ= -48 mV) can be expected to be sta-
ble, whereas the low concentration samples (ζ= -20 mV) might sediment over time. The
samples prepared in water were agglomerated too rapidly to allow the measurement of
the zeta-potential.
Increasing the ammonium sulphide concentration well above 10 mmol/l led to the
nano-particles slowly dissolving into the liquid through continued formation of sulphides
that subsequently oxidized. Concentration of 100 mmol/l lead to formation of arsenolite
(As2O3) crystals, which formed micrometer-sized octahedra (Fig. 5.7).
Analysis with a high-resolution transmission electron microscope (HRTEM) showed
that the dried samples have formed larger clusters, with primary nanoparticle size typi-
cally between 3 and 6 nm (Fig. 5.8). Energy dispersive spectroscopy (EDS) revealed that
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Table 5.1: EDS analysis of the nanoparticle cluster shown in figure 5.8.
Element A - core B - edge
Ga 45% 32%
As 40% 18%
O 10% 40%
S 5% 10%
Figure 5.7: High ammonium sulphide concentration leads to formation of micron-sized
arsenolite-crystals (As2O3).
the centre of the cluster (Fig. 5.8 A) is nearly stoichiometric GaAs, with some oxygen
and sulphur. On the other hand, the surface (Fig. 5.8 B) is Ga-rich and mostly formed of
oxides and sulphides (Table 5.1).
Raman spectroscopy was performed for samples dried on silicon wafers. The TO
and LO phonons of GaAs can be observed in the spectra (Fig. 5.9), with contributions
attributed to amorphous As and amorphous GaAs. The signal from the amorphous com-
ponents decreased considerably after RTA treatment (Fig. 5.9 (b)), which allowed the
use of the Gaussian confinement model [22,23] for estimation of the size of the primary
66
5.6 Production of GaAs nanoparticles
Figure 5.8: High-resolution transmission electron microscope image of a dried GaAs cluster.
The primary nanocrystal size typically ranges from 3 to 6 nm. The EDS analysis reported in table
5.1 was performed on areas A and B.
nanocrystals6.
The phonon dispersion curves were obtained from the neutron scattering experiments
performed at a temperature of 12 K [21] and the adjustment to room temperature was
done using the temperature dependence measured by Chang et al. [242].
The fitting of the TO and LO phonon peaks (blue dotted lines in Fig. 5.9) yields
a crystal size of 4 nm. The best fit during the simultaneous fit of the TO and the LO
phonon peaks was achieved with α = 8pi2. Lower values of α typically failed to model
the shape of the TO phonon.
X-ray photoelecton spectroscopy (XPS) results agreed with TEM and Raman results.
The low penetration depth of the method did not allow probing of the inner parts of the
clusters (Fig. 5.8 A) and the amorphous surface layers are thus emphasized in the mea-
surement. The increasing sulphur concentration was observed to decrease the amount
of the oxidized species, and the disappearance of the amorphous As and GaAs species
6The Raman scattering is influenced by the size of the crystal, not the total size of the nanoparticle and
thus the terms crystal and nanocrystal are used in this context.
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(a) (b)
(c) (d)
Figure 5.9: The Raman measurement of the dried GaAs samples before RTA (a) shows the
peaks related to (from left to right): amorphous As, amorphous GaAs, GaAs TO and LO phonon
modes. The signal from the amorphous components decreases due to RTA (b), leaving the TO
and LO phonon modes clearly visible. The photoluminescence spectra of the GaAs samples
before (c) and after RTA (d).
observed from the Raman spectra after RTA also supports these results.
The photoluminescence maximum of the sulphur passivated nanoparticles dried on
silicon was near 530 nm and the intensity was approximately an order of magnitude
higher than for samples prepared in ethanol (Fig. 5.9 (c)). The samples prepared in pure
water were not luminescent. RTA-treatment further increased the photoluminescence by
an order of magnitude (Fig. 5.9 (d)).
In addition to the band gap transitions, the photoluminescence of nanoparticles can
be caused by defects and impurities. Therefore, one needs to be careful when claiming
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Table 5.2: Size estimates for the produced GaAs nanoparticle
Method Size estimate
TEM 3-6 nm
Raman-spectroscopy 4 nm
Photoluminescence 3.4 nm
that the source of photoluminescence is related to the band gap, which has blue-shifted
due to quantum confinement. Here, the size estimates obtained by TEM and Raman
spectroscopy agree well with the one estimated from the photoluminescence maximum
wavelength (Table 5.2), supporting such claims.
5.7 Production of core/shell-nanoparticles of gold and
silicon dioxide
Many of the potential applications require functionalization or coating of the nanoparti-
cles. These coated core/shell-nanoparticles can be desirable due to their improved stabil-
ity or new and enhanced properties. Silica is a one of the most common shell-materials
since it is biocompatible and silica surfaces can be easily functionalized.
Most of the techniques to coat nanoparticles with silica shells are based on the
Stöber-method. [243] The original method produces spheres of silica in selected sol-
vents through hydrolysis of e.g. tetraethyl orthosilicate (TEOS) in the presence of a
catalyst. The hydrolysis can take place on any oxide surface and thus the method can be
applied to coat oxidized nanoparticles.
Gold is a very stable material and does not typically oxidize. Therefore the synthesis
of gold/silica-core/shell-particles requires the use of coupling agents or primers, making
it typically a two-phase process or a three-phase process if the synthesis of the gold
nanoparticles is included.
The method described in publication 4 demonstrates a single-step method to produce
gold/silica-core/shell-particles by laser ablation into 2-propanol including TEOS.
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Prior art
The synthesis of gold/silica-core/shell-particles via the Stöber-method was first demon-
strated by Liz-Marzán et al. by using silane molecules with an amino-group as the sur-
face primer. [244, 245] Another approach is to use primer-molecules with thiol-groups.
[246] The gold nanoparticles produced by chemical synthesis are often stabilized using
citrate-molecules. It was shown by Mine et al. that the citrate molecule can also act
as an initiator for the silica shell formation. [247] Though the chemical synthesis routes
are not especially complex, they often require transferring of the nanoparticles from one
solvent to another.
Barcikowski et al. reported PLAL in solvents containing TEOS and amine-functionalized
TEOS. [248] They observed an increase of the hydrodynamic size of the particles, but
the produced colloids were not thoroughly characterized.
5.7.1 Production of gold/silica-core/shell-nanoparticles by PLAL
The gold nanoparticles were produced by a 20 kHZ repetition rate laser with a pulse
duration of 10 ns. Experiments were performed at a wavelength of 515 nm, close to the
plasmon resonance of the gold nanoparticles, and at a wavelength of 1030 nm.
It was found that the production of silica coated gold nanostructures was successful
when both TEOS and the catalyst, ammonia, were present in the solvent (2-propanol)
during PLAL, and the laser wavelength was 515 nm (Fig. 5.10 (a), panels C and D). Ad-
dition of ammonia into the gold nanoparticle colloids prepared in pure 2-propanol lead
to rapid agglomeration and sedimentation. PLAL in ammonia containing 2-propanol,
however, produced stable colloids and subsequent addition of TEOS lead to the growth
of partial silica shells (Fig. 5.10 (a), panel A).
A study of the surface chemistry of gold nanoparticles produced by PLAL revealed
that the surfaces of the particles are oxidized. [224] This might explain the formation
of silica on the particles produced with ammonia in the PLAL solution. However, the
shells are incomplete, suggesting that the surface oxidation is incomplete at least in the
presence of ammonia.
PLAL with a wavelength of 1030 nm produced only partially coated particles (Fig.
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(a) (b)
Figure 5.10: TEM images of the silica coated gold produced by PLAL (a). TEM and SEM (B)
images of the silica spheres with incorporated gold nanoparticles and nanoclusters (b).
5.10 (a), panel B). This suggests that the mechanism allowing single-step production
of silica coated gold nanostructures is related to the heating of the nanoparticles by the
laser. Most likely this occurs after the particles have been formed and are in the bulk of
the solvent. Hot nanoparticles can decompose TEOS molecules and bind silicon atoms
on their surface, which can then serve as centres for silica growth.
Calculations with a model for heating of nanoparticles by laser illumination [249]
suggested that the 1030 nm wavelength laser heats particles that are not in the immediate
proximity of the focal point by only a few degrees. For 515 nm the temperature is on the
contrary increased by about 1000 degrees, even several millimetres from the focal point.
The plasmon peak was observed to slowly red shift for the samples that were seen to
have shells in the TEM analysis (Fig. 5.11). Calculations with the MNPBEM toolbox
[250] suggested that the shell thickness of 10 to 15 nm seen in TEM images would cause
a red shift of 6 to 7 nm. The measured red shift was approximately 5 nm, which is in
good agreement with the calculations, especially considering that the formed silica is no
doubt less dense than bulk silica.
PLAL in higher concentrations of TEOS in 2-propanol and water-ethanol mixtures
was observed to produce silica spheres with embedded gold nanostructures (Fig. 5.10
(b)). Depending on the exact process parameters, the particles were either individual or
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(a) (b)
Figure 5.11: The growth of the silica shells was observed to cause a red shift in the plasmon
peak (a). The spectra of a sample with too low TEOS concentration for silica growth showed no
change (b).
agglomerated, and either on the surface of or embedded within the sphere.
Though the production of silica coated nanoparticles was successful, a considerable
fraction of the particles were agglomerates. This was most likely caused by the high rep-
etition rate of the laser, and production of single core-shell particles should be successful
using a lower repetition rate.
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Figure 5.12: A summary of the timescales related to PLAL.
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Conclusion
In this work various types of nanomaterials were produced by pulsed laser ablation. The
properties of the produced materials and the influence of the laser ablation parameters
were characterized. In addition, the impact of the high repetition rate of the laser pulses
on the ablation process was examined. The experiments conducted in this work demon-
strate the suitability of PLAL for production of complex nanoparticles that can be further
refined for various interesting applications.
In the PLD experiments, among the first ones reported with a high repetition rate fibre
laser, it was discovered that the repetition rate and the beam scanning speed can be used
to adjust the mode of ablation between pulsed laser ablation and thermal evaporation.
This enabled film structures ranging from smooth films in the thermal evaporation mode
to nanoparticle films and high surface area nanofoams in the pulsed laser ablation mode.
Thermal evaporation was found to change the stoichiometry of the deposited films, as
expected. In addition to the consequences for the evaporated thin films, this approach
allows modification of the target surfaces.
This thesis includes previously unpublished work performed on the examination of
the up-scaling of PLD. A model to optimize the film thickness homogeneity was de-
veloped and successfully implemented. Thermal evaporation with high repetition rate
lasers was found to allow higher growth rates without loss in film quality and with lower
optical average power than evaporation with CW lasers.
The PLAL experiments studied the combinatory approach of chemical treatment of
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PLAL generated nanoparticles with the goal of enabling single-step production of com-
plex materials.
The produced GaAs-nanoparticles were luminescent at visible wavelengths. Si-
multaneous surface passivation by sulphur was found to decrease the oxidation of the
nanoparticles and to increase the luminescence intensity by an order of magnitude. The
luminescence was further enhanced after RTA treatment. The peak of the photolumines-
cence was at approximately 530 nm and size analysis performed by TEM and Raman-
spectrometry supports the conclusion that the luminescence originates from band gap
transitions that are blue shifted due to quantum confinement.
Coating of gold nanostructures with shells typically requires the use of primer mole-
cules since gold is inherently a very stable and non-reactive material. In this work a
single-step method for production of gold nanoparticles with silica shells was developed.
The process was found to be enabled by laser-induced heating of the formed nanoparti-
cles. Therefore, the process required the use of a laser with a wavelength resonant with
the localized surface plasmon of the gold nanoparticles.
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Abstract We report the use of a mode-locked fiber
laser in Pulsed Laser Deposition (PLD) of yttria stabi-
lized zirconium oxide. The fiber laser produces picosec-
ond pulses with megahertz repetition rates at the wave-
length of 1060 nm. We have investigated the effects of the
time delay and the physical overlapping of the consecu-
tive pulses on the ablation thresholds and the properties
of the deposited films. Our results show existence of two
distinct evaporation modes: 1) a single pulse evapora-
tion mode observed for low overlapping and long time
delays between the pulses and 2) a high repetition rate
evaporation mode for high overlapping with short de-
lays. The first mode is characterized by evaporation of
nanoparticles and clusters and yields structured films
with high surface area. The second mode yields smooth
films, with evaporation characteristics closer to those of
thermal evaporation than traditional PLD.
PACS: 81.15.Fg 42.55.Wd 68.55.-a
1 Introduction
Pulsed laser deposition, is a versatile method. Transfer
of the stoichiometry of the target onto deposited films
makes PLD well suited for deposition of complex materi-
als, such as high-temperature superconductors[1], piezo-
and ferroelectric[2] materials, and for prototyping new
material compositions. PLD has become a powerful tool
for materials research, but it’s suitability for industrial
applications has been very limited.
Gamaly et al. suggested the use of short low-energy
pulses with megahertz range repetition rates as an ap-
proach to deposit particle-free high quality films [3,4].
This approach has, indeed, potential to increase the PLD
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growth rates closer to those required for volume produc-
tion. The higher repetition rates can also change the in-
volved processes significantly. In addition to incubation
effects observed with successive, overlapping pulses[5–
7] the short time delay between the pulses can cause
thermal effects as well[8]. Understanding these effects is
important when assessing whether the beneficial prop-
erties of PLD, namely preservation of stoichiometry, are
retained in high repetition rate PLD.
2 Experiment
2.1 Experimental setup
In our experiments, thin films of yttria-stabilized zirco-
nium oxide (YSZ) were deposited onto silicon substrates
by evaporating a sintered, 8-mol% YSZ target. We used
a mode-locked yttrium-doped fiber laser at the wave-
length of 1060 nm (X-Lase 20 from Corelase, Finland).
The pulse width was 20 ps and the repetition rate was
varied between 1, 2 and 4 MHz.
The films were deposited at room temperature under
vacuum conditions (∼ 10−5mbar). The cube-shaped vac-
uum chamber holds the mechanics for substrate and tar-
get manipulation, Fig. 1. The incident angle of the laser
beam was 45◦ relative to the target surface and the sub-
strate was at an angle of 45◦ or 90◦ in respect to the inci-
dent plasma. To evaporate the target surface evenly, we
slowly moved the target back and forth along the Y-axis,
while a mirror scanner scanned the laser beam along
the X-axis. The scanner speed on the X-axis was varied
between 1mm/s and 1m/s. This variation adjusted the
amount of overlapping between the consecutive pulses.
The time delay between consecutive pulses was changed
by varying the repetition rate of the pulses. The time
delays between the pulses were 1µs, 500ns and 250ns.
Surface morphology of the deposited films was ana-
lyzed by means of scanning electron microscopy (SEM).
Film thickness and the index of refraction were measured
2 Turkka Salminen, Mikko Hahtala, Ilkka Seppa¨la¨, Tapio Niemi, Markus Pessa
Fig. 1 Schematic diagram of the deposition system. The
movement of the beam over the target is executed in the
X-axis direction with a scanner and in the Y-axis direction
by moving the target back and forth.
with an ellipsometer and by reflection measurements.
The ablation threshold fluence, Fth, was estimated vi-
sually from the onset of visible plasma and measured
with a crystal oscillator.
2.2 Effects of pulse overlapping
The number of overlapping pulses, Np, can be calculated
from the equation
Np = flaser
Dspot
vscan
(1)
where flaser is the repetition rate of the laser, Dspot
is the diameter of the laser spot and vscan is the scan-
ning speed of the laser beam including the X-direction
movement by the mirror scanner and the slow Y-axis
movement of the target (Fig. 1). Due to the overlapping
of pulses, only a fraction of them interact with a clean
target surface. Thus, the evaporation process and the ob-
served thresholds can be very different compared to the
case of a single non-overlapping pulse[8]. We must con-
sider the different mechanisms in order to understand
the evaporation process. What follows is a list of key
items that need to be explored.
(i) Defects have an important role in the initial states
of laser ablation.[5,9,10] They increase the absorption of
light into the material and locally decrease the ablation
threshold. The fluence required for defect formation by
laser pulses is well below Fth and therefore accumula-
tion of defects with overlapping pulses can lead to ob-
servation of significantly lowered ablation thresholds. It
has been observed that the threshold lowering is sat-
urated after certain amount of pulses. Rosenfeld et al.
found the saturation for fused silica and CaF2 to take
place at Np,sat ≈20.[5] Whereas Mero et al. reported
Np,sat ≈1000 for Ta2O5.[6] In our case the minimum Np
is about 17 (1MHz, 1m/s scanning speed), therefore all
of the reported Fth values will include effects caused by
the laser-induced defects.
(ii) Thermal effects - Each laser pulse causes a slight
increase in the temperature of the interaction volume.[8]
After a pulse, diffusion of heat and possibly material
evaporation lower the local temperature until the next
pulse arrives. For sufficiently high Np the local tem-
perature continues to rise until the interaction volume
reaches a saturation temperature and the incoming laser
energy is balanced by the losses caused by heat diffusion
and possibly evaporation.
(iii) Changes in target stoichiometry - PLD preserves
stoichiometry of a compound target better than any
other evaporation method and transfers this stoichiome-
try to the growing film. However, the rising temperature
leads to a possibility of thermal evaporation. Then the
rate of evaporation of different elements becomes depen-
dent on their respective vapor pressures, which may lead
to changes in the stoichiometry of the target and subse-
quently, change the stoichiometry of the deposited films.
(iv) Non-equilibrium effects - The processes that fol-
low the absorption of the short laser pulse have vary-
ing time-scales. These time-scales depend on the target
material. Although the local thermalization between the
electrons and the lattice typically take place in few pi-
coseconds, the actual material evaporation can last even
hundreds of nanoseconds, and resolidification of the tar-
get surface takes a few microseconds. For megahertz rep-
etition rates, time delays between the consecutive pulses
are in the range of tens or hundreds of nanoseconds.
Therefore some of the evaporation processes are still on-
going as the next pulse hits the target.
(v) Plasma shielding - In case of very short pulse de-
lays, the plasma evaporated by the previous pulse is still
very close to the target. The dense plasma can absorb
and scatter the energy of the laser pulse and effectively
raise the threshold fluence.
3 Results and discussion
3.1 Threshold fluence
In our ablation experiments, the repetition rate of 1MHz
at the maximum scanning speed corresponded to the
lowest value of Np ≈17, which yielded Fth ≈0.25J/cm2.
Increasing Np to 170 lowered Fth to saturation value of
0.16J/cm2 (Fig. 2). Further increase of Np to 17 000
did not decrease the Fth anymore. For 2MHz and 4MHz
repetition rates, Fth was 0.14J/cm
2 and 0.09J/cm2 for a
1m/s scanning speed, respectively. The saturation thresh-
old of 0.08J/cm2 for 2MHz was obtained at Np ≈700 and
0.03J/cm2 for 4MHz at Np ≈2000. Any further increase
in Np did not affect Fth. The threshold values for low
Np are nearly linearly dependent on the time between
consecutive pulses for the studied repetition rates. For
low repetition rates (<1kHz) it has been observed that
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Fig. 2 Threshold fluences for 1, 2 and 4MHz repetition rates
as a function of the number of overlapping pulses. The lines
are guides for the eye.
the time between the pulses has no impact on the thresh-
olds[6], but clearly that is not the case for MHz repetition
rates.
It was found that the color of the target changes from
white to dark during evaporation, indicating changes in
stoichiometry of the surface layer of the target. Scanning
repeatedly over the same, already darkened target area
with a constant scanning speed did not lower Fth any
further even as the pulses accumulated during several
scans. The threshold was thus defined by Np of a sin-
gle scanning pass. Therefore it becomes clear that the
formation of defects and further changes in target stoi-
chiometry do not explain the observed behavior of Fth
as a function of Np. These observations suggest that the
thermal mechanisms are significant in the evaporation
process.
When compared to the threshold value of 1.64 J/cm2
for rough YSZ coatings reported for single femtosecond
pulses by Das et al.[7] our measured values are signif-
icantly lower. The saturation value they measured for
Np >500 was approximately 0.5 J/cm
2 which is still
larger than our highest values by a factor of two. This
shows that the short time delay has a significant impact
on the threshold values.
Our explanation for the behavior of Fth as a func-
tion of Np is related to cumulative local heating of the
target by overlapping pulses. Rising temperature lowers
Fth. Furthermore, if temperature is high enough, ther-
mal evaporation begins, and with high enough repetition
rate thermal evaporation can be sustained even if the
pulse fluence itself is too low to cause evaporation. In
the case of thermal evaporation the threshold is defined
rather by the laser average power than the fluence of sin-
gle pulses. Due to shorter pulse delays, i.e. shorter time
for heat diffusion, the higher repetition rates can sustain
the evaporation temperature with lower fluences.
Fig. 3 Scanning electron microscope images of YSZ films.
(a) Films deposited at a 1MHz repetition rate consist of
nanoparticles. At 2MHz and 4MHz repetition rates the qual-
ity of the film depends on the amount of pulse overlapping.
(b) Low overlapping yields films with nanoparticles, whereas
high overlapping yields very smooth and particle free films
(c and d). Panel d is a cross-section of the film in panel c.
3.2 Film deposition
The films deposited at the repetition rate of 1MHz con-
sist of nanoparticles, particle clusters and small droplets
regardless of the scanning speed (Fig 3a). For 2MHz and
4MHz, Np has remarkable consequences on surface mor-
phology. It can be seen from Fig. 3 that deposition with
low Np yields morphology similar to that obtained at
1MHz (Fig 3b). In sharp contrast, the films deposited
in the saturation regime are smooth and particle-free
(Fig 3c and 3d). We note that the films would consist of
particles regardless of Np if Fth were approximately 0.1
J/cm2, which is about the ablation threshold at 1MHz.
The index of refraction, n, for the smooth films, when
the direction of the plasma was perpendicular to the sur-
face of the substrate, was 2.1, while the films deposited
at 45◦ turned out to be less dense exhibiting n =1.9.
Morphology of the films produced with small Np was
very similar to the films reported for femtosecond-pulse
depositions[11,12]. This similarity suggests that the for-
mation of nanoparticles is inherent to evaporation with
ultra-short pulses. The particles are generated probably
through fragmentation[13,14]. In our experiment, the
wavelength of 1064 nm can also enhance particle gen-
eration due to longer absorption length and consequent
distribution of the pulse energy into a larger volume.
The smooth films in the saturation regime for 2MHz
and 4MHz can be accounted for by local thermal evap-
oration. The fluences are too low for individual pulses
to cause evaporation. However, due to the poor thermal
conduction of YSZ the local temperature of the area ex-
posed to the pulses can exceed the evaporation tempera-
ture. Due to the thermal nature of this process, it is very
likely that the stoichiometry of the deposited films dif-
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fers from that of the target. In this case the evaporation
rate is almost constant and the density of the plasma
is likely to remain so low that no formation of particles
takes place. Yet, for fluence above 0.1J/cm2 particles
are found on the films, suggesting that the individual
pulses can cause direct evaporation causing a shift into
the pulsed evaporation regime.
For 1MHz, no regime of thermal evaporation was ob-
served. Saturation Fth of 0.16J/cm
2 is above the thresh-
old that causes particles to emerge with 2MHz and 4MHz
repetition rates. This suggests that for 1MHz the evapo-
ration is still caused primarily by the individual pulses.
Finally, the different evaporation regimes may be dis-
tinguished from the visual appearance of the plasma.
The plasma for lowNp has a bright, directed core, whereas
the plasma produced with high Np is broad and diffuse
implying that thermal evaporation in this case domi-
nates the evaporation process.
4 Conclusions
We have applied a picosecond pulse fiber laser to exam-
ine the influence of the pulse overlapping and pulse delay
on the threshold fluence and the morphology of the de-
posited YSZ films. The pulse overlapping was observed
to cause significant lowering of the ablation threshold
which is attributed to formation of defects, changes in
target stoichiometry and cumulative heating. The de-
fects and especially the changes in the stoichiometry ex-
plain the significant differences to previously reported
thresholds, whereas heating is the predominant cause
for the observed threshold behavior as a function of the
number of the overlapping pulses. In PLD-experiments,
two distinct regimes of evaporation with very different
film morphologies were found. Films deposited in the
pulsed laser deposition-mode with small pulse overlap-
ping yield high surface area films that consist of nanopar-
ticles and particle clusters; a result typical to films de-
posited with ultra-short pulses. As the number of over-
lapping pulses is increased above a repetition rate depen-
dent threshold the deposited films are smooth and par-
ticulate free. This deposition mode is attributed to local
thermal evaporation caused by the cumulative heating
effects and is made possible by the very high repetition
rate of the laser.
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Abstract Thin films of yttria stabilized zirconia were
deposited onto silicon substrates using high repetition
rate picosecond pulse lasers. The applied lasers covered
the repetition rate range from 10kHz to 4MHz. We found
that the laser pulse overlapping which results from in-
creased repetition rates led to considerable changes in
the ablation process. Defect formation and local heating
lead to lower ablation thresholds and, with sufficiently
high repetition rates, to melting of the target and even
to thermal evaporation. We found that yttria-stabilized
zirconia (YSZ) films deposited with picosecond pulses at
1064 nm wavelength below repetition rates of 2MHz have
rough, nanostructured morphology and the same atomic
ratio of yttrium and zirconium as the target. Films de-
posited with 2MHz and higher repetition rates with high
number of overlapping pulses are very smooth, but are
yttrium deficient, providing evidence of the importance
of the thermal processes.
PACS: 81.15.Fg 42.55.Wd 68.55.-a
1 Introduction
Pulsed laser deposition (PLD) can be used to produce
high quality films while preserving the stoichiometry of
complex materials. However, commercial applications have
been limited due to the rather small scale of typical PLD-
systems, resulting in low deposition rates and high costs.
Typical PLD-systems use a laser with repetition rate
in the order of a few tens of hertz. It has been pro-
posed that PLD could reach higher deposition rates by
using ultra-short pulse lasers with high repetition rates
[1,2]. However, it has also been shown that ultra-short
pulse laser evaporation produces nanoparticles instead of
smooth, homogenous films [3,4]. A recent study of pulsed
laser deposition with a high repetition rate picosecond
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fiber laser found two distinct deposition regimes [5]. A
pulsed evaporation mode with separate pulses led to de-
position of nanoparticles, whereas overlapping high rep-
etition rate pulses led to a thermal evaporation mode
which yielded smooth films.
The evaporation and deposition process is controlled
by the interplay of many parameters, which govern the
properties of the deposited film. In this work we eluci-
date the roles of the repetition rate, pulse overlapping
and laser wavelength in picosecond pulse laser deposi-
tion. We extend the results previously achieved with
megahertz repetition rate lasers towards the kilohertz
range, and compare the morphology and stoichiometry
of the films deposited in both the pulsed evaporation
mode and the thermal evaporation mode. We also ex-
tend the ablation threshold behavior to cover the range
from single pulse evaporation at 10kHz to approximately
60 000 overlapping pulses at 4MHz repetition rate.
Due to their hardness and chemical inertness yttria-
stabilized zirconia films have many applications includ-
ing thermal barrier coatings, tribological coatings and
solid electrolytes in solid oxide fuel cells. Their good op-
tical properties make them an excellent choice for hard
optical coatings which can be further functionalized by
rare-earth metal dopants. Whereas some applications
can benefit from the extraordinary properties of nanos-
tructured films, optical hard coatings require smooth,
homogenous, high quality films. High repetition rate pulsed
laser deposition is an interesting technique as it allows
deposition of both. In our experience, the general fea-
tures of the deposition process are similar for most insu-
lating oxides including zirconium oxide, aluminium oxide
and titanium oxide. Therefore the results presented here
can, to some extent, be generalized to other similar ma-
terials even though the exact parameters will vary. In
this paper we have focused on yttria-stabilized zirconia
partly due to its multicomponent nature which allows us
to study the effects of the deposition parameters on the
film stoichiometry.
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Fig. 1 Threshold fluences as a function of the scanning
speed.
2 Experiment
The experiments were performed with two lasers to cover
a wide repetition rate range. A Lumera Super Rapid
Nd:YVO4 solid state laser generated 15 picosecond pulses
with repetition rates from 10kHz to 500kHz and the
megahertz range from 1MHz to 4MHz was covered with
a Corelase X-Lase fiber laser producing 20 picosecond
pulses at a wavelength of 1060 nm. To study the effect
of the wavelength, the Nd:YVO4 solid state laser was
used both at the primary wavelength of 1064 nm and at
the third harmonic of 355 nm.
The film deposition and threshold measurements were
performed at room temperature, under vacuum condi-
tions (10−4mbar). To evaporate the target surface evenly,
we used a combination of a moving target and a mirror
scanner to raster the target. Due to the limited scanning
speed of approximately 1 m/s and the high repetition
rates of several megahertz, the successive pulses over-
lap instead of hitting a fresh, unablated spot. Therefore,
the scanning speed adds another process parameter as
it controls the number of overlapping pulses, Np, hitting
the same spot on a single scanning sweep. In a previ-
ous study it was found that the observed evaporation
behavior for megahertz pulse trains depends on Np in-
stead of the total number of accumulated pulses [5]. The
reference also contains a more detailed description of the
deposition system.
The evaporation targets were 5-mol% yttria-stabilized
zirconium oxide (YSZ, Goodfellow #128-868-36) and the
films were deposited onto silicon substrates. The film
and target morphology was examined with a scanning
electron microscope (SEM). The stoichiometry of the
samples was measured with x-ray photoelectron spec-
troscopy (XPS) using Mg Kα radiation. The ablation
thresholds were defined using a crystal oscillator and also
estimated visually from the onset of the visible plasma.
Fig. 2 Threshold fluences as a function of the number of
overlapping pulses per single sweep. The lines in the fiber
laser data [5] are guides for the eye.
3 Results and discussion
3.1 Threshold fluence
The ablation threshold fluences, Fth, were measured for
selected repetition rates by varying the scanning speed.
An inspection of the thresholds as a function of the
scanning speed (Fig. 1) reveals the trend of decreasing
thresholds with decreasing scanning speed. Increasing
the repetition rate also considerably lowers the Fth.
When the data is presented as a function of the num-
ber of overlapping pulses during a single scanning sweep
(Fig. 2), the correlation between Np and Fth seems ev-
ident. The initial decrease in the thresholds as the Np
increases is most likely caused by defect formation [8–
10] and to some extent by the residual heat from the
previous pulses. With kilohertz repetition rates the heat
can be conducted several micrometers between succes-
sive pulses which, in addition to heating, can lead to
defect formation in the immediate neighborhood of the
ablated region. This is observed as lower thresholds even
before the pulses actually overlap (Np < 1). The pre-
viously reported saturation behavior in the megahertz
repetition range [5] fits well with the data. The satura-
tion behavior can be explained by considering the heat-
ing effect caused by each laser pulse. As the number of
pulses is increased, the temperature rises until saturation
is reached when the heating is balanced by heat conduc-
tion. Higher repetition rates allow higher temperatures
to be reached as the delay between the pulses is shorter
and there is less time for heat conduction. Depending on
the material and laser parameters, the saturation tem-
perature can be high enough for melting or even thermal
evaporation of the target to occur. In the latter case the
nature of the evaporation process changes considerably
as the evaporation is not caused directly by the high
energy pulses, but by the high local temperature.
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Fig. 3 (a) Target surface after evaporation with 500kHz
repetition rate, (Np ≈ 10), shows no signs of melting. (b)
The surface of the target after evaporation with 4MHz,
(Np ≈ 14000), has melted and cracked during solidification.
Fig. 4 Comparison of the ablation thresholds for 355 nm
and 1064 nm wavelengths.
An SEM inspection of the targets (Fig. 3) confirms
the difference between the evaporation mechanisms as-
sociated with low (Np ≈ 10) and high (Np ≈ 14000)
numbers of overlapping pulses. The surface of a target
evaporated with 500kHz repetition rate, shown in fig. 3a
shows no signs of melting, whereas the target evaporated
with a 4MHz repetition rate, shown in fig. 3b shows that
the whole surface layer has melted and cracked during
solidification.
Quite surprisingly, the threshold values do not seem
to depend significantly on the wavelength, as can be seen
from figure 4.
3.2 Film deposition
Films deposited with individual pulses or a low number
of overlapping pulses consist of nanoparticles regardless
of the repetition rate (Figs. 5a, 5b and 5c) or the wave-
Fig. 5 SEM images of the samples deposited at 1064nm
wavelength. Films were deposited with (a) 500kHz, (b)
1MHz, (c) and (d) 4MHz repetition rate. In samples (a), (b)
and (c), the scanning speed was 1m/s, whereas sample (d)
was deposited with a scanning speed of 0.005m/s. On sam-
ples (b) and (c) a thinner layer of material was deposited to
allow inspection of the individual particles.
length (film deposited with 355nm is not shown here as
its morphology is identical to that shown in Fig. 5a). The
film morphology is similar to what is typically reported
for femtosecond pulse laser deposition [3,4]. For the sam-
ples in figures 5b and 5c we deposited very thin layers
of material to allow inspection of the individual parti-
cles. The sample in figure 5a, deposited with 500kHz,
shows more irregular, fragment-like particles, compared
to those deposited at higher repetition rates. As previ-
ously reported, increasing the repetition rate and the
number of the overlapping pulses leads to local thermal
evaporation which produces smooth films, as can be seen
in figure 5d [5]. In the case of YSZ, the thermal evapo-
ration regime can be reached when the repetition rate is
2MHz or above. For repetition rates of 1MHz and below
the deposited films consist of nanoparticles, regardless
of the number of overlapping pulses. Allowing for a suit-
able laser, it would be interesting to study whether the
thermal evaporation regime can be reached with a wave-
length of 355 nm.
One of the major benefits of PLD is the transfer of
the target stoichiometry onto the deposited films. As the
number of overlapping pulses is increased, the stoichiom-
etry of the films can also change due to thermal effects.
To examine the transfer of the stoichiometry, we studied
the target and the deposited films with XPS. The peak
intensities of Y3d and Zr3d emissions and the atomic
sensitivity factors, 1.867 for Y3d and 2.216 for Zr3d, were
used to determine the yttrium contents, Y/(Y +Zr), for
the films and the target. The absolute yttrium contents
were not of primary interest. However, a systematic de-
termination of the yttrium ratios provides a meaning-
ful comparison between the different samples and the
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Table 1 The results of the XPS measurements.
Sample λ [nm] flaser [MHz] Np Y/(Y+Zr) -%
Target - - - 5.1%
1 1064 0.5 10 5.2%
2 355 0.5 10 5.8%
3 1064 1 17 5.3%
4 1064 4 68 4.8%
5 1064 4 13600 3.8%
6 1064 4 13600 4.2%
target. The Y/(Y + Zr)-content of the target material
was found to be 5.1%. Our measurement result is con-
siderably lower than the 9.5% reported by the material
supplier. However, the exact values are not essential for
our comparative study. The measurement data for the
deposited films is listed in table 1.
Samples 1 and 3, deposited with a wavelength of 1064
nm and low pulse overlapping, show very similar stoi-
chiometry with the target. Increasing the repetition rate
to 4 MHz resulst in a slight decrease of the yttrium con-
tent even with maximum scanner speed (sample 4) and
as the number of overlapping pulses is further increased,
the films have approximately 1% lower yttrium content
than the target (samples 5 and 6). Sample 2, deposited
with 355 nm wavelength, exhibits the opposite behav-
ior. The yttrium content on the film is actually higher
than that of the target. This is an interesting finding and
should be studied further to clarify whether the wave-
length can be utilized to tune the composition.
In previous studies of excimer laser PLD with nano-
second pulses, the Y/Zr ratio of the deposited films was
found to match that of the target, if the fluence was
at least approximately two times higher than the ab-
lation threshold. Deposition very close to the ablation
threshold led to deposition of yttrium deficient films [6].
Purely thermal processes like electron-beam evaporation
have been reported to cause a significant loss of yttrium
of up to 30% during the deposition [7]. In our experi-
ments all of the samples were deposited with fluences
only slightly above the ablation threshold, with fluences
considerably smaller than two times Fth. However, in our
experiments the yttrium loss was not observed for films
deposited with low Np. The yttrium loss was observed
only when Np was increased. Our findings show that
near-threshold yttrium loss is not an issue with picosec-
ond pulses. It also suggests that the nature of the pro-
cess indeed changes towards thermal evaporation with
increasing Np and that the yttrium loss mechanisms are
similar to the case of electron beam evaporation.
4 Conclusions
The increasing repetition rate was found to lower the
ablation threshold. Decreasing the scanning speed and
thereby increasing the number of overlapping pulses fur-
ther decreases the thresholds, until saturation is reached
as the thermal conduction balances the accumulating
surplus heat from the laser pulses. Picosecond pulse evap-
oration of YSZ was found to produce nanoparticles, which
is typical for ultra short pulse evaporation. Increasing
the repetition rate above 2MHz, however, allows local
thermal evaporation, yielding smooth films. In an XPS
study, the pulsed evaporation at 1064nm wavelength was
found to transfer the stoichiometry of the target material
onto the deposited films. The change of the evaporation
regime, from pulsed to thermal, led to deposition of yt-
trium deficient films.
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Abstract: Optical absorption and emission properties of gallium arsenide 
nanocrystals can be tuned across the visible spectrum by tuning their size. 
The surface of pure GaAs nanocrystals tends to oxidize, which deteriorates 
their optical properties. In order to prevent the oxidization, surface 
passivation has been previously demonstrated for GaAs nanocrystals larger 
than the Bohr exciton radius. In this paper, we study synthesis of small 
GaAs nanocrystals by pulsed laser ablation in liquids combined with 
simultaneous chemical surface passivation. The fabricated nanocrystals are 
smaller than the Bohr exciton radius and exhibit photoluminescence peaked 
near 530 nm due to quantum confinement. The photoluminescence 
properties are stable for at least six months, which is attributed to successful 
surface passivation. The chemical structure of the nanocrystals and changes 
caused by thermal annealing are elucidated with Raman spectroscopy, 
transmission electron microscopy and x-ray photoelectron spectroscopy. 
©2012 Optical Society of America 
OCIS codes: (160.4236) Nanomaterials; (160.4670) Optical materials; (250.5230) 
Photoluminescence; (350.3850) Materials processing. 
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1. Introduction 
Fabrication of nanocrystals has gathered a lot of attention over the recent years due to the size 
dependent and hence tunable properties that can vary considerably from those of the bulk 
material. For semiconductor nanocrystals this allows adjustment of absorption and emission 
properties due to the change in the electron and the hole band-edge states and a blueshift of 
the band gap of the material when the particle size is smaller than the Bohr exciton radius of 
the material. 
Gallium arsenide (GaAs), which is the base material for many optoelectronic devices, has 
a band gap of 1.42eV at 300K and the diameter of its Bohr exciton is about 19 nm [1]. This 
allows tuning of the band gap of the GaAs nanocrystals across the visible spectrum, which 
makes nanocrystalline GaAs an interesting material for various applications. Partly due to the 
high quantum efficiency achieved with compounds of zinc, cadmium, sulfur and selenide and 
especially with their core/shell-structures, free-standing GaAs nanocrystals have not been 
studied as thoroughly as the II/VI semiconductors. Properties of the GaAs nanocrystals and 
quantum dots have been investigated within oxide and polymer matrices and as epitaxially 
fabricated heterostructures. However, synthesis of stable, free-standing GaAs nanocrystals, 
exhibiting luminescence at clearly shorter wavelengths than bulk GaAs, has been challenging. 
GaAs nanocrystals have been produced through chemical methods from GaCl3 and 
As(SiMe3)3 in quinoline [2,3], from GaCl3 and (Na/K)3As in toluene, monoglyme and 
diglyme [4], from GaCl3 and As(NMe2)3 in 4-ethylpyridine [5] and from a single 
organometallic precursor in hexadecylamine [6]. The reports include observations of 
blueshifted band gap absorption [2–7] and visible photoluminescence [3–7]. These methods 
allow a good size control and produce a relatively narrow particle-size distribution, which is 
typical for chemical synthesis methods. However, these processes are fairly complex, 
requiring careful fabrication of precursors and require several process steps. The fabrication 
process can also take several days to finish. 
Pulsed lasers have been used to fabricate nanocrystals by ablation of GaAs targets in low-
pressure gas atmosphere. Thereafter, the nanocrystals were transferred to ethanol by nitrogen 
flow [8]. In these crystals, visible luminescence was observed at a low temperature of 2 K. A 
straightforward technique to fabricate nanocrystal solutions is pulsed laser ablation in liquids 
(PLAL). In this technique the GaAs target is suspended in a solvent and ablated with several 
laser pulses [9,10]. Lalayan reported visible luminescence from the samples fabricated using 
this technique, but the samples were not thoroughly characterized to confirm the source of the 
luminescence [9]. Ganeev et. al. reported gallium-rich (Ga:As-ratio 1.4:1) nanoparticles with 
increased extinction towards ultra-violet wavelength range, but no clear band-edge absorption 
was observed and photoluminescence was not studied [10]. 
Pure GaAs surface tends to oxidize, which can be detrimental for the properties of the 
nanocrystals. The thickness of the oxide can be comparable to the particle size and in some 
cases the particle can be completely oxidized. Another issue is the high ratio of surface atoms 
in nanocrystals, which introduces defects that change the electronic and optical properties of 
the particles. Particularly, in the case of photoluminescence, the (surface) defects can enhance 
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non-radiative transitions which reduce the photoluminescence. To reduce the harmful 
oxidation and to passivate the possible defects Traub et. al. demonstrated a process for oxide 
etching and subsequent surface passivation of solution suspended GaAs nanoparticles [11]. 
They reported improved luminescence intensity, especially after thermal annealing, but the 
produced nanoparticles were too large to exhibit change in the band gap due to quantum 
confinement. 
In this paper, we report on a study of GaAs nanocrystals prepared with PLAL with 
simultaneous chemical surface passivation. The passivation is accomplished by using 
ammonium sulfide, a surface passivation agent widely studied for passivation of bulk GaAs 
[12], allowing a single-step fabrication of surface passivated nanocrystals. The nanocrystals 
exhibit visible photoluminescence and the prepared samples show no weakening of their 
luminescence during several months. We also elucidate the chemical structure of the prepared 
GaAs nanocrystals as a function of thermal annealing. 
2. Experimental methods 
2.1 Laser ablation 
Laser ablation of solid GaAs targets was carried out in quartz and acrylic cuvettes using a 
high-repetition rate fiber laser (λ ≈1060 nm, pulse width 20 ps, repetition rate 1 MHz, pulse 
energy ≈1.6 µJ, FWHM of the focused beam ≈15 µm). Targets were submerged in ethanol, 
de-ionized water or water solutions containing ammonium sulfide. The laser beam was moved 
on the target surface with a 2D mirror scanner with a speed of 2 m/s to avoid crater formation 
and possible heat induced problems associated with a high number of overlapping subsequent 
laser pulses [13]. 
2.2 Materials 
The GaAs ablation target was an epitaxial grade, n-doped wafer manufactured by AXT. The 
dopant was silicon with atomic concentration of approximately 1.5·1018 atoms cm−3. De-
ionized water with resistivity of 18 MΩ cm−1 was obtained from the Millipore Milli-Q-
system. Ethanol (99.5%) was manufactured by Altia. Ammonium sulfide in a 20% water 
solution was obtained from Merck and it was used as received. 
2.3 Sample preparation 
The prepared nanoparticles were deposited on silicon substrates by drop casting. The substrate 
was placed on a hot-plate at a temperature of 170°C and drops of the nanoparticle solution 
were cast on the substrate until a total volume of 0.2 ml of the solution was consumed. 
Samples were then split in half; the first half was thermally annealed, while the second half 
was used as a reference. 
Thermal annealing was performed in a nitrogen atmosphere. Annealing parameters were 
optimized to maximize the photoluminescence intensity of the samples while minimizing the 
changes to the shape of the luminescence spectra. A batch of 10 samples, prepared in ethanol, 
was used for the optimization procedure. Treatment at temperatures of 300°C and below 
caused no change in the photoluminescence of the samples when excited by laser pulses at 
355 nm. The largest increase of the luminescence was observed at the temperature of 450°C, 
but the gain was accompanied by a considerable redshift in the wavelength of the maximum 
intensity. Parameters for the annealing experiment of the actual samples (375°C for 120 
seconds) were selected as a compromise to maximize the PL with a minimal redshift. 
2.4 Electron microscopy 
To perform transmission electron microscopy (TEM) experiments, the nanoparticle samples 
dried on the silicon substrate were transferred to TEM-grids. This was achieved by first 
scratching the nanocrystals from the surface of the silicon substrate with a scalpel, then 
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placing the grid on top of the sample and finally dropping a single drop of ethanol to facilitate 
the transfer of the crystals to the grid. After drying, the grids were examined with a high-
resolution TEM (Jeol JEM-2200FS). The same device was also used for electron diffraction 
measurements and for energy dispersive spectrometry (EDS). Additional inspection by 
scanning electron microscopy (SEM) was performed with a Carl Zeiss Ultra-55. 
2.5 X-ray photoelectron spectroscopy (XPS) 
The photoemission spectra were measured using a spectrometer (Perkin-Elmer PHI 5400) 
with a monochromatized Al Kα x-ray source that was operated at 14 kV. The analyzer pass 
energy was 18 eV and the energy step was 0.1 eV. In spectral analysis (fitting), the Voigt 
function was used after Shirley's background subtraction. The minimum number of 
components, as deduced from the pure line shape was included in fittings. For results reported 
here, no sample charging was observed as the As 2p and Ga 2p emission components from the 
GaAs nanocrystal were located systematically at 1324-1325 eV and 1117-1118 eV binding 
energies, respectively. 
2.6 Raman spectroscopy 
Raman spectroscopy was carried out with a spectrometer (Andor Shamrock 303) and a cooled 
CCD-camera (Newton 940P). The excitation laser was a 532nm wavelength Cobolt Samba 
with a beam FWHM of 0.7 mm. The sample was illuminated with a collimated laser beam in 
an approximately 30 degree angle with respect to the sample surface. In order to avoid sample 
heating the beam was not focused. Indeed, varying the laser power induced no peak-shifts, 
confirming that all observed deviations from the bulk Raman spectra are due to the properties 
of the sample. The scattered light was collected with a microscope objective along the normal 
of the surface of the sample and Rayleigh scattered light was filtered out with a Semrock 
Razoredge filter. 
2.7 Photoluminescence measurements (PL) 
Room temperature photoluminescence with excitation wavelengths of 355nm and 532nm was 
measured using the same Raman spectrometry setup. The 355nm excitation source was a 
diode-pumped solid-state laser (Ekspla NL202). The low-temperature measurements were 
done using a scanning monochromator (Oriel DK480) and a photomultiplier tube connected to 
a lock-in amplifier. The laser emitting at 532nm was used for excitation in the low-
temperature measurements. The FWHM of the focused excitation beam in the 
photoluminescence measurements was approximately 100 µm. 
2.8 Zetapotential measurements 
The stability of the solutions was studied using a Malvern Zetasizer Nano instrument to 
measure the zeta-potential of the nanoparticle-solutions. 
3. Results 
3.1 Nanoparticles in liquids 
Nanoparticle solutions produced by PLAL in ethanol were reddish-brown in color and stable 
for several months. On the contrary, the samples prepared in water were much lighter in color 
with visible clusters. Within 24 hours of preparation the samples in water were completely 
clear with clusters in the bottom of the container. 
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 Fig. 1. HRTEM image of a large cluster of nanocrystals. The individual primary nanocrystals 
can be observed as separate crystalline regions within the cluster. The typical crystallite size is 
from 3 to 6nm. The EDS analysis was performed from regions A and B. 
Table 1. EDS Analysis of the Nanoparticle Cluster Shown in Fig. 1 
Element A - core B - edge 
Ga 45% 32% 
As 40% 18% 
O 10% 40% 
S 5% 10% 
Laser ablation in a water solution of ammonium sulfide produced solutions with visual 
appearance and stability very similar to samples prepared in ethanol when the molarity of 
ammonium sulfide was between 0.1 mmol/l and 10 mmol/l. As the molarity of ammonium 
sulfide is increased above 10 mmol/l, increasingly lighter color solutions are produced. The 
color of the solutions keeps getting lighter during the following days until the liquid is 
completely clear. We interpret, that instead of stabilization, excess sulfur leads to formation of 
sulfide compounds that are subsequently oxidized. This interpretation is supported by the 
analysis of the samples prepared with ammonium sulfide molarity of 100 mmol/l. The Raman 
measurements show the distinct spectra of arsenolite (As2O3), which is the oxidation product 
of arsenic sulfide. The SEM-images also show micrometer-sized octahedra which are typical 
for arsenolite. 
The Zeta-potential of the samples prepared in ethanol, 0.1 mmol/l and 1 mmol/l 
ammonium sulfide was measured to be −41 mV, −20 mV and −48 mV, respectively. 
Measurement of samples prepared in water was impossible due to rapid agglomeration. 
3.2 Transmission electron microscopy 
The TEM analysis shows that the samples consisted of crystalline nanoparticles and additional 
amorphous material. 
The TEM samples were prepared from nanoparticles that were deposited on silicon 
substrates and therefore the primary nanocrystals have mostly agglomerated into larger 
clusters with sizes from 20 nm up to over one hundred nanometers. This prohibits proper 
statistical analysis of the size distribution of the primary nanocrystals. The diameter of the 
observed primary crystallites varied between 2 and 10 nm, the typical diameter being between 
3 and 6 nm. The primary nanocrystals are polyhedron shaped, but on the average their shape 
#165524 - $15.00 USD Received 26 Mar 2012; revised 20 Apr 2012; accepted 10 May 2012; published 14 May 2012
(C) 2012 OSA 1 June 2012 / Vol. 2,  No. 6 / OPTICAL MATERIALS EXPRESS  804
is close to a spherical form. Therefore, a relatively good estimation of the nanoparticle 
properties can be achieved by models developed for spherical nanoparticles. Few rod-like 
crystals were also observed. 
 
Fig. 2. Raman spectrum of GaAs nanocrystals prepared in ethanol. The fitted spectra is 
dominated by Gaussian peaks related to amorphous GaAs and amorphous arsenic. The black 
line is the measured spectrum, the red dotted line is the overall fit and the green dashed lines 
represent the individual components; from left to right: amorphous As, amorphous GaAs, and 
crystalline GaAs TO and LO phonon modes. 
Electron diffraction and Fourier-transforms of the HRTEM images confirm that the 
crystals have zinc-blende structure with visible (111), (220), (311) and (422) diffraction 
peaks. The lattice constant was calculated to be 0.555 nm, which is lower than that of bulk 
GaAs (0.565 nm). 
To analyze the influence of ammonium sulfide, we performed an EDS analysis on samples 
prepared in ethanol and 1mmol/l ammonium sulfide. Analysis was performed on 
agglomerates that included both nanocrystals and amorphous material. In ethanol the material 
is gallium rich, with 2 to 2.5 times more gallium than arsenic and with 30% to 35% oxygen. 
The RTA-treatment reduces the oxygen content to 25% and slightly increases the relative 
amount of arsenic, which is to be expected if amorphous material is removed and GaAs 
nanocrystals remain mostly unaffected by the treatment, as suggested by the Raman 
measurements. Samples prepared in ammonium sulfide have gallium to arsenic ratio between 
1.2 and 1.6 with 33% oxygen and 2% sulfur. Again the RTA treatment improves the overall 
gallium to arsenic ratio and nearly halves the amount of oxygen and sulfur in the sample. 
To further investigate the distribution of elements in the samples, we measured the EDS in 
the center (Fig. 1, region A) and on the edge (Fig. 1, region B) of a nanoparticle cluster for a 
sample prepared in 1 mmol/l of ammonium sulfide. The atomic percentages are listed in Table 
1. The amorphous edge (region B) of the cluster is gallium rich with almost twice as much 
gallium as arsenic. The elemental composition suggests that the amorphous material attached 
to the nanocrystals is a mix of oxides and sulfides. The nanocrystals in the center (region A) 
are close to stoichiometric GaAs with gallium to arsenic ratio of 1.1 to 1. The amount of 
sulfur relative to oxygen is much higher than on the amorphous edge. Considering that the 
measurement of the center also includes some signal from the amorphous top layer, the results 
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suggest that the surface of stoichiometric GaAs nanoparticles is covered with a compound 
with Ga:O:S ratio close to 1:1:1. 
 
Fig. 3. Raman spectrum of a GaAs sample that was prepared in ethanol after thermal annealing. 
The black line is the measured spectrum; the dotted red line is the overall fit. The blue dashed 
lines are the TO and LO phonons of crystalline GaAs fitted with the Gaussian confinement 
model. The green lines represent the individual amorphous components: amorphous As  
(205 cm−1 and 252 cm−1) and amorphous GaAs (245 cm−1). The size of the nanocrystals 
obtained from the fit is 4.0 nm. 
3.3 Raman spectroscopy 
The peaks of both TO and LO phonons of GaAs can be observed in the Raman spectra of all 
of the samples. The peaks show considerable shifts towards lower energies and asymmetrical 
broadening, which is typical of GaAs nanocrystals [14]. 
For samples prepared in ethanol (Fig. 2) we observe Raman-peaks corresponding to the 
LO and TO phonons at wavenumbers of approximately 286 cm−1 and 265 cm−1 
correspondingly. In addition, we see a large shoulder on the low-energy side. A reasonably 
good fit for this feature is achieved with two Gaussian peaks centered at 245 cm−1 and  
205 cm−1, which are attributed to amorphous GaAs [15,16] and amorphous arsenic [17–19] 
respectively. Also arsenic and gallium oxides have Raman features in this range, but other 
peaks related to these compounds are not observed. The amorphous components obscure the 
line shapes of the phonons related to crystalline GaAs. In the spectra of the annealed samples, 
the intensity of the amorphous components is significantly reduced (Fig. 3) revealing more 
precise shape of the crystalline phonon peaks. The LO phonon is observed at 286 cm−1 and the 
TO phonon at 265 cm−1. 
We used the Gaussian confinement model [20,21] to estimate the size of the nanoparticles 
from the Raman spectrum. For a full derivation of the model we refer to the original article by 
Richter et al. [20], a brief explanation can be found in the paper by Arora et al. [21]. The 
phonon dispersion curves were obtained from neutron scattering experiments performed at  
12 K [22] and adjusted to room temperature using the temperature dependence measured by 
Chang et al. [23] The original model by Richter et al. [19] used α = 2 to set the phonon 
amplitude at the nanoparticle boundary to 1/e, however the best fits to the experimental data 
have often been obtained by setting α = 8π2 as proposed by Campbell and Fauchet [24]. 
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 Fig. 4. Raman spectrum of the samples prepared in the ammonium sulfide solution. In addition 
to the peaks of crystalline GaAs, a Raman signal from arsenic sulfides is observed. 
The best agreement with the experimental results, in very good agreement with the TEM 
measurements, was achieved for nanoparticle diameter of 4.0 nm, using α = 8π2 and including 
additional Gaussian peaks to model the contribution of amorphous GaAs and amorphous 
arsenic (Fig. 3). The broad peak centered at 247 cm−1 is attributed to amorphous GaAs and the 
peaks at 252 cm−1 and 204cm−1 to amorphous As. Calculations with α = 2 and α = 9.67, from 
the bond-polarizability model [25], produced relatively poor fits. 
The calculated spectrum agrees with the measurements surprisingly well considering that 
the size distribution of our samples is relatively wide. The nanoparticle diameter has a 
significant impact on the shape of the calculated spectrum in the size range observed in the 
TEM measurements. The broad size distribution was expected to produce considerably 
broadened Raman peaks and a greater mismatch between the fit and the experimental data. 
However, the results are very similar to the ones calculated for monodisperse nanocrystals 
[13]. This can be partly explained by enhancement of the Raman signal by resonant 
excitation. Using a laser with a wavelength which is resonant with a transition in the studied 
material can increase the Raman signal by several orders of magnitude. In the particular case 
of 532 nm excitation wavelength, the signal from nanocrystals with transitions near the energy 
of 2.33 eV is enhanced. Nanocrystal size with corresponding band gap energy falls within the 
size range observed with TEM as discussed later and thus resonance enhancement could 
explain the observed strong Raman peaks. 
For the samples prepared in the solutions of ammonium sulfide, the peak of the crystalline 
GaAs LO phonon is observed at 285 cm−1 and the peak of the TO phonon at 264 cm−1 (Fig. 4). 
Two additional broad features are observed around 230 cm−1 and 345 cm−1. The broad peak 
around 230 cm−1 is in part attributed to amorphous gallium arsenide and arsenic that are also 
observed for the samples prepared in ethanol. The shape and the location of the peak is, 
however, slightly different suggesting formation of gallium and arsenic sulfides. The feature 
around 345 cm−1 is attributed to arsenic sulfide As2S3 (orpiment) [26], which is most likely in 
the amorphous form. This is suggested by the broadness of the peak and the absence of 
crystalline sulfides in the TEM analysis. Gallium sulfide, GaS, has Raman peaks near  
345 cm−1 as well [27], but gallium sulfide has a high melting point of 965 °C and the feature 
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almost completely vanishes during RTA at 375 °C. Therefore the observed feature is most 
likely due to arsenic sulfide which has considerably lower melting point near 300 °C. 
The RTA treatment decreases the signal from the sulfides and amorphous components, but 
at the same time increases the photoluminescence making detailed analysis of the peaks 
corresponding to GaAs difficult. 
3.4 XPS 
The core-level photoemission spectra in Figs. 5 and 6 show many As- and Ga-oxide related 
components in addition to the GaAs components. Due to the nature of the XPS measurements 
the signal arises mostly from the oxidized surface parts of the nanocrystal agglomerates (Fig. 
1, region B) and from the amorphous material between the agglomerates. The As2S3 
component is also observed, and its intensity clearly decreases during the RTA, being in good 
agreement with the above Raman results. Furthermore, it is observed that the relative intensity 
of the GaAs emission decreases. The accuracy of the analysis does not allow separation of 
emission from GaAs and amorphous As, and thus this apparent decrease of GaAs 
photoemission is in line with the disappearance of the amorphous GaAs- and amorphous As-
components in the Raman spectra. 
Before the RTA the samples prepared with the mild sulfur content appear to include also 
metallic Ga. Furthermore, the As XPS spectra reveal that the increased sulfur amount in the 
preparation decreases the formation of the highest oxidation state, As2O5, and enhances the 
As2O3 formation during the RTA. The increased sulfur concentration also decreases the 
amount of oxidized Ga. The signal corresponding to GaAs and amorphous As in the As 2p 
spectrum is exceptionally strong in the sample prepared in 5 mmol/l (NH4)2S which is reduced 
during the RTA suggesting that the sample has a considerable amount of amorphous material. 
It is worth noticing that the possible emission from the lowest Ga oxidation state, Ga2O, 
overlaps with the GaAs emission. These XPS results are discussed later along with the PL 
results. 
 
Fig. 5. As 2p photoemissions from the nanocrystal samples prepared with ammonium sulfide. 
The origins of different photoemission components are proposed. 
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 Fig. 6. Ga 2p photoemissions from the nanocrystal samples prepared with ammonium sulfide. 
The origins of different photoemission components are proposed. 
3.5 Photoluminescence 
After drop casting on silicon substrate, the samples prepared in ethanol show weak 
photoluminescence when excited with a wavelength of 355 nm (Fig. 7A). The spectrum is 
very broad and seems to have two underlying peaks centered at 530 nm and 650 nm. The 
RTA treatment with optimized parameters increases the intensity of the luminescence 
approximately by an order of magnitude (Fig. 7B). For this sample the enhancement is 
stronger near the peak at 530 nm creating an apparent blueshift for the total spectrum. 
The samples prepared in pure water did not show luminescence in our measurements. 
However, addition of small amounts of ammonium sulfide produced samples with more 
intense photoluminescence than the samples prepared in ethanol. With 0.1 mmol/l molarity, 
the spectrum has the two features also observed in the case of ethanol; the biggest difference 
being that the shorter wavelength peak is dominant even before the RTA and the center is at a 
slightly shorter wavelength of 520 nm (Fig. 7A). Increasing the molarity further enhances the 
luminescence intensity and especially the peak at 520 nm until at molarities of 5 mmol/l and 
above the peak starts to slowly redshift and the maximum intensity starts to fall. With  
1 mmol/l molarity of ammonium sulfide the intensity of the luminescence is roughly an order 
of magnitude stronger than for nanocrystals prepared in pure ethanol. Interestingly, a further 
gain of an order of magnitude is observed after the RTA treatment (Fig. 7B). The RTA 
treatment also induces a redshift, of the peak wavelength to approximately 550 nm. The 
luminescence of the RTA-treated samples is also visible to the naked eye. 
The significant improvement of the photoluminescence intensity from the crystals 
prepared with (NH4)2S and after the RTA treatment made the luminescence measurable with 
excitation at 532 nm. This enabled us to measure the temperature dependence of the 
luminescence from 30K to 290K (Fig. 8). As expected, the intensity of the photoluminescence 
increases for all of the samples as the temperature is lowered. The temperature dependence of 
the integrated intensity, IPL, was fitted with a simple model to estimate the activation energy, 
EA, of the thermally activated non-radiative processes related to quenching of the 
luminescence at higher temperatures. The intensity can be written as: 
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 Fig. 7. Photoluminescence of the samples under 355 nm excitation. (A) As-deposited samples. 
(B) Samples after thermal annealing for 120 s at 375 °C. Luminescence spectrum of the 
unannealed sample prepared in the 1mmol/l (NH4)2S solution is included as a reference. 
where kB is the Boltzmann constant, I0 the intensity at 30 K and Ci is a weighting factor. 
Achieving a good fit required the use of one or two terms for the non-radiative processes 
depending on the sample. 
For the RTA-treated samples prepared in ethanol the intensity is enhanced by a factor of 2 
at low temperatures. The data and the fitted curve are plotted in Fig. 8A. A good agreement is 
achieved using two competing non-radiative decay mechanisms with activation energies of 
2.5 meV and 50 meV. Unannealed samples did not have a strong enough PL signal to allow 
the measurement. 
The measured temperature behavior and the fitted curves for samples prepared in 1mmol/l 
ammonium sulfide solution before and after annealing are plotted in Fig. 8C. Before 
annealing, the best fit is achieved using two terms with activation energies of 25 meV and 100 
meV. The annealing seems to remove the low-energy decay route and a good fit for the RTA-
treated sample is achieved using only one term yielding activation energy of 100 meV. 
For samples prepared in 0.1 mmol/l of ammonium sulfide solution after the RTA-
treatment, a good fit is achieved with two energies of 32 meV and 96 meV (Fig. 8B). This 
suggests that only partial passivation has been achieved, which agrees well with the lower 
overall intensity when compared with the samples prepared in molarity of 1 mmol/l. The 
unannealed sample behaves in a slightly more complex way showing a step-like behavior. A 
moderate fit is achieved with activation energies of 26 meV and 100 meV. However, a far 
better fit is achieved when using a sum of two independent emission terms, both following Eq. 
(1) with activation energies of 97 meV and 106 meV. This suggests that the emission might 
actually derive from two different sources with different band-edge electron and hole states 
which could be related to different size nanoparticles or due to the incomplete surface 
passivation creating two different populations of differently behaving nanoparticles. 
The behavior of the samples prepared in 5 mmol/l solution of ammonium sulfide is more 
complex before annealing (Fig. 8D). The integrated luminescence intensity starts to oscillate 
as a function of temperature at temperatures below 150 K. Due to these oscillations, the 
relevance of the fitting parameters of Eq. (1) becomes highly questionable. We cannot explain 
this behavior, but it is likely that the mechanism for luminescence quenching is more 
complicated for higher sulfur concentrations. After the RTA treatment a good fit is achieved 
also for this sample with activation energies of 5 meV and 81 meV. 
4. Discussion 
Laser ablation of the target induces formation of plasma. The expansion of the plasma is 
restricted by the surrounding liquid which causes nucleation of the evaporated material to 
form nanoparticles [28]. In inert liquids this tends to lead to electrically charged nanoparticles 
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repel each other and therefore form very stable solutions. In the case of GaAs in water and 
solutions of ammonium sulfide the liquid is clearly not inert and oxygen and sulfur can react 
with the formed GaAs nanoparticles leading to the observed thin oxide and sulfide shells. The 
reactive species in the solvent can also react directly with gallium and arsenic ions at the 
liquid-plasma boundary, which can lead to direct formation of gallium and arsenic oxides and 
sulfides. We suspect that this is the origin of the amorphous material observed in the TEM and 
Raman analysis. 
 
Fig. 8. Temperature dependent photoluminescence measurements excited with laser at 
wavelength of 532 nm. The samples produced in ethanol did not produce measurable 
luminescence before the RTA treatment. The values on the y-axis are included as a scale 
reference and are not directly comparable between different graphs. 
The highest stability of the nanoparticle colloids is achieved in the intermediate molarity 
range between 0.1 mmol/l and 10 mmol/l of ammonium sulfide in water. The TEM and EDS 
analyses show that the most stable particles have a GaAs core and the surface is a gallium rich 
compound with both sulfur and oxygen. Therefore the stability is achieved by a combination 
of oxygen and sulfur and not by sulfur passivation alone. Particles produced in ethanol are 
stable and have a thin surface oxide layer, but it is unclear whether this oxide is produced in 
the liquid or after deposition in ambient air. High molarity of ammonium sulfide solution 
leads to destabilization and change in particle composition over time. All of these results 
support the proposed model for the PLAL in which the newly formed, very hot nanoparticles 
are reactive, but after cooling down the particles are stable unless the liquid is chemically 
reactive. 
It is noteworthy that the most stable particles also exhibit the highest luminescence 
intensity. This supports the hypothesis that the stabilization is related to successful surface 
passivation. The samples were very stable after deposition on silicon and the measured Raman 
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and photoluminescence spectra were unchanged for at least six months. This is unexpected, 
considering that sulfur passivation of GaAs wafers has been shown to deteriorate within days 
[29,30]. The origin of the high stability in our samples might arise from the fact that the 
deposited nanocrystals have formed clusters where the passivated surfaces are actually 
interfaces between nanocrystals and therefore protected. It is also possible that the passivation 
layer, being a compound with both sulfur and oxygen, is more stable in the case of 
nanoparticles than sulfur alone. 
Due to the properties of the samples, statistical size distribution measurements were not 
possible. However, the different estimates for the average nanocrystal size agree relatively 
well. Based on the TEM analysis, the typical nanocrystals are between 3 and 6 nm in diameter 
and the diameter obtained from the fitted Raman spectra is 4 nm. The photoluminescence 
maximum is near to the photon energy of 2.34 eV. Using the commonly applied effective 
mass approximation [1] a corresponding particle diameter of 2.3 nm can be calculated, 
however it is well known that this approximation does not work well for very small 
nanocrystals and yields too small size estimates. Calculations by Diaz et al. [31] based on an 
empirical sp3d5s* nearest neighbor tight-binding model developed by Jancu et al. [32] gives 
an estimated nanocrystal diameter of 3.4 nm which is in better agreement with the other size 
approximations. This is also in excellent agreement with the speculated resonance 
enhancement during Raman measurements. 
A speculative comparison might be done between the observed lattice constant and 
previous findings on pressure-dependent behavior of the band gap: the change in the GaAs 
bulk lattice constant of 0.565 nm to 0.555 nm would require 4 GPa hydrostatic pressure [33] 
that would cause the band gap energy to increase by approximately 0.4 eV [34]. The tight-
binding model in [32] did not explicitly allow lattice relaxations and used bulk values instead, 
therefore the additional blueshift caused by the decreased lattice constant should be 
considered as an additional effect. Therefore the HRTEM observation of a smaller lattice 
constant would imply that the nanocrystals have larger band gap than would be implied by 
their size related quantum confinement alone. On the other hand, the change of the lattice 
constant to smaller values could also be expected to shift the Raman peaks towards higher 
wave numbers as observed for epitaxial GaAs films in diamond anvil experiments [35]. 
However, this is not observed in our nanoparticles. 
As a future work it would be interesting to carry out band gap and lattice constant 
measurements of nanoparticles with a very narrow size distribution in order to clarify the 
possible abovementioned issue related to the relationship between the lattice constant and PL 
wavelength in small nanocrystals and whether it should be taken into account in modeling. 
The RTA treatment was observed to yield a significant increase in the PL intensity. This is 
attributed to several factors. Firstly, during the formation process, the nanoparticles are cooled 
down by the solvent from very high temperatures (thousands of K) in the plasma to room 
temperature very rapidly, which can leave plenty of crystal defects that are removed with 
annealing. Secondly, the passivating sulfur and oxygen layer can reorganize and improve the 
passivation. Thirdly, the amount of defects at the oxidized surface of the agglomerate, causing 
absorption, decreases during the RTA. It has been previously found related to PL of bulk 
GaAs that (i) Ga2O3 phase causes PL weakening defects, (ii) Ga2O might even improve the 
oxidized GaAs surface, and (iii) As oxides are not harmful [36–38]. Our results are consistent 
with this picture. And finally, the amorphous material which possibly absorbs the emitted 
light is evaporated as shown by our Raman and XPS measurements. 
The broad luminescence spectrum suggests that the nanocrystals have a relatively broad 
size distribution. The spectra for samples prepared in ethanol or in low ammonium sulfide 
molarities have two pronounced features, one centered at approximately 530 nm and another 
at 650 nm. This suggests that the size distribution is roughly bimodal with two separate and 
broad size distributions, which is typical to PLAL samples. The RTA treatment seems to 
enhance the luminescence from the smaller particles more efficiently. This is also the case 
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when molarity of ammonium sulfide is increased, suggesting that the number of nanoparticles 
in the lower size-distribution mode is greater, but the smaller particles are also affected by 
defects more severely. 
Roughly similar photoluminescence has been measured for porous GaAs [39,40]. This has 
also been attributed to quantum confinement in nanocrystals, although the evidence of 
existence of the nanocrystals in those cases has been ambiguous. 
The wide application range of the nanocrystals include fluorescence labels in 
biodiagnostics [41], luminescent media to convert and broaden the emission of blue LEDs to 
solid state white light source [42] and optical limiting by utilization of nonlinear optical 
properties of the particles [43]. Our results could pave way for the GaAs nanocrystals as an 
alternative technology for generating various colors by pumping them with blue LEDs. On the 
other hand, solid state InGaN quantum wells have been intensively investigated and 
developed for the blue/green/yellow emitters for obtaining white light directly, and indeed 
great progress in this field has been made [42,44–46]. An interesting future direction towards 
electrically pumped light source could rely on our nanoparticles uniformly layered on silicon 
substrates. At present, the properties of the crystals cannot compete with the properties of 
solid InGaN/GaN technology. 
One factor that can limit the applications of the nanocrystals demonstrated in this work is 
the broad size distribution. The distribution can be narrowed by careful optimization of the 
process parameters, by modifying the liquids by additional chemicals, e.g. cyclodextrins [47] 
prior to ablation and by further laser processing [48]. For size critical applications, further 
size-selective filtering and deposition techniques can be applied. Further work must also be 
done to improve the quantum efficiency of the nanocrystals. This could be done by further 
optimization of the surface passivation or by deposition of a suitable shell-layer to form 
core/shell-particles. 
5. Conclusions 
The combined information from the TEM, EDS, Raman and XPS analysis shows that we have 
successfully produced surface passivated GaAs-nanocrystals that form stable colloidal 
solutions. The as-prepared nanoparticle solutions are not luminescent. Nanocrystals deposited 
on silicon wafers show photoluminescence with a broad spectrum on visible wavelengths 
peaked near 530 nm. The luminescence shows no deterioration within six months. It is also 
evident that a considerable portion of the evaporated material reacts with the solvent and 
forms amorphous material. The PL intensity is considerably enhanced by the sulfur and 
oxygen containing surface passivation and by thermal annealing via the removal of non-
radiative defects and possibly light-absorbing amorphous material. 
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Coating of gold nanoparticles made by pulsed laser
ablation in liquids with silica shells by simultaneous
chemical synthesis
Turkka Salminen,*a Mari Honkanenb and Tapio Niemia
Coating of gold nanoparticles with silica shells by the well known Sto¨ber-method requires the use of
additional coupling agents to seed the growth of the shell as gold does not form a native oxide. Here
we report a novel single-step process to create the gold nanoparticles directly into a mixture of
tetraethyl orthosilicate and a catalyst by means of pulsed laser ablation in liquids. We observe that
good silica shells are achieved only when all of the reagents are present during the production of the
nanoparticles. Experiments with two diﬀerent laser wavelengths: 515 nm and 1030 nm, show that
the formation of the shell is eﬃcient only with the laser wavelength close to the plasmon resonance
of the gold nanoparticles. We propose a model indicating that the shell formation is initiated by laser-
induced heating of the particles.
I. Introduction
Metal nanoparticles have many applications that require coating of
the particles with shells or conjugated ligands. Silica shells are
often used to increase biocompatibility and to serve as a platform
for further functionalization. In the case of nanoparticles exhibiting
local plasmon resonances, such as silver and gold, thin coating can
be used to separate molecules from the surface of the particle. This
allows enhancement of various optical interactions without
quenching processes that dominate if the molecule is in direct
contact with a metal nanoparticle.
Most approaches to produce colloidal silica-coated nano-
particles have adapted the Sto¨ber-method1 to grow the shell
through hydrolysis of tetraethyl orthosilicate (TEOS). Gold,
however, is extremely stable and inert material, which does
not form a native oxide layer, which would act as a seed for
silica growth. Therefore, the methods for gold–silica-core–shell
nanoparticle fabrication are usually two-step processes that
first require the use of coupling agents or primers that create
a thin initial shell. Subsequently, nanoparticles are transferred
to e.g. ethanol or 2-propanol and a thicker shell is grown
through the Sto¨ber-method. This approach was first demon-
strated by Liz-Marza´n et al.2 who used silane molecules with an
amino group as a surface primer. Alternatively, a thiol group or a
combination of both types of molecules can be used.3 Mine et al.
showed that citrate stabilized gold nanoparticles can be coated
without separate primers in a process where TEOS apparently
reacts with the citrate to initiate the silica shell formation.4
Ferna´ndez-Lo´pez and co-workers used thiol-modified PEG for
gold nanoparticle stabilization, which allowed silica growth with
TEOS after the particles were transferred to ethanol.5
Barcikowski et al. reported coating of gold nanoparticles
made by pulsed laser ablation in liquids (PLAL) with silica shells
using a mixture of PVP and TEOS or amine-functionalized
ATEOS6 following the synthesis route suggested by Graf et al.7
However, their conclusion was based on the increase of the
hydrodynamic size of the particles and they did not observe the
red-shift of the plasmon peak in the extinction spectra, which is
normally associated with the formation of the silica shell.
We report a process that allows growth of silica shells
directly onto pure gold nanoparticles without additional coupling
or passivation agents. Furthermore, the nanoparticles can be
fabricated directly into e.g. ethanol–water-mixture- or 2-propanol-
based solution with TEOS and the chosen catalyst, eliminating the
need to transfer the produced particles into a suitable solvent
before the coating step. We propose that the mechanism for the
direct shell formation is based on heating of the produced gold
nanoparticles with the laser illumination near the plasmon
resonance wavelength. Direct reaction of the nanoparticles with
TEOS can lead to gold–silicon bonds on the nanoparticle
surfaces and the silicon can then serve as a seed for the growth
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of a silica shell. By varying the TEOS concentration the method
can be used to make core–shell structures or silica spheres with
embedded individual or agglomerated gold nanoparticles.
II. Experimental
Methods and materials
Experiments were carried out in a glass container with the gold
target placed in the bottom. Laser ablation was performed with
Eolite Boreas laser with a pulse duration of 10 ns. The repetition
rate used in the experiments was 20 kHz. The influence of the
wavelength was studied by using two diﬀerent wavelengths: the
fundamental wavelength of 1030 nm and its frequency doubled
wavelength of 515 nm. The beam was scanned using a 2D
scanner to avoid crater formation. The pulse energy was 75 mJ,
the spot diameter was approximately 30 mm and the laser fluence
was approximately 10 J cm2.
Tetraethyl orthosilicate (99.999%) was purchased from
Sigma–Aldrich and diluted with 2-propanol. Ammonia (a 28%
water solution) and 2-propanol (99.5%) were manufactured by
J. T. Baker. The gold-target was purchased from Kultakeskus.
The morphology of the produced nanoparticles was analyzed
using a scanning electron microscope (SEM, Carl Zeiss Ultra-55)
and a transmission electron microscope (TEM, Jeol JEM-2010)
equipped with an energy dispersive X-ray spectrometer (EDS,
Noran Vantage with a Si(Li) detector, Thermo Scientific). TEM
samples were prepared by placing and drying a droplet of the
nanoparticle solution on a holey carbon film on a copper grid.
Several hundreds of nanoparticles were imaged from each
sample and images representing typical structures are presented
here. Extinction spectra of the colloids were measured using
an Ocean optics HR-4000+ spectrometer and an Ocean optics
DT-Mini-2-GS light source. The extinction is calculated from the
transmission spectrum measured through the samples as
log10(I/I0) and it includes both the absorption and the scattering
from the particles and the agglomerates.
Sample preparation
It has been previously shown that very good results are obtained
for PLAL fabrication of bioconjugated nanoparticles when the
biomolecules are already present in the ablation liquid.8 In
production of composites of polymers and embedded nano-
particles, the presence of the monomers during the PLAL
process was observed to be a crucial factor to avoid nanoparticle
aggregation during polymerization.9
To study the eﬀect of having TEOS and/or a catalyst present
during PLAL, we used several diﬀerent approaches. First we
tested the Sto¨ber-process with nanoparticle colloids prepared
in advance. The second approach was to include either TEOS or
the catalyst during PLAL while the other reagent was added
afterwards. Finally, ready-made Sto¨ber-solutions with both
TEOS and the catalyst were present in the solvent during PLAL
(Fig. 1).
The experiments were carried out using 2-propanol as the
solvent. The concentration of TEOS was varied from 5 mM to
45 mM. As the catalyst, we used ammonia with concentrations
from 7mM to 0.7 M. The gold nanoparticles produced with PLAL
are stable in 2-propanol without any additional stabilizers and
therefore the only added reagents were TEOS and ammonia.
III. Results and discussion
Sto¨ber-process for nanoparticle colloids
First a set of nanoparticle colloids were prepared in a pure
solvent by ablation of the gold target with laser pulses at
515 nm wavelength. Then TEOS and the catalyst were added
into the colloid. In all of the tests, addition of the catalyst
caused rapid agglomeration and subsequent sedimentation of
the nanoparticles regardless of the addition order of TEOS and
ammonia. Thus, this approach did not lead to the desired silica
coated gold particle colloids.
PLAL with TEOS in the solvent
Similar results were obtained for samples prepared with TEOS
in the solvent during the PLAL process. The addition of the
catalyst resulted in rapid agglomeration of the nanoparticles.
However, high concentration (>5 mM) of TEOS resulted in such a
rapid formation of large silica spheres, with diameters ranging
from 100 nm up to 1 mm that the gold nanoparticles were
captured on the surface or inside the spheres.
PLAL with the catalyst in the solvent
Somewhat surprisingly, adding the catalyst into the solvent
before the laser ablation led to production of stable gold
nanoparticle colloids. After the ablation, TEOS was added in
varying concentrations and some silica growth was observed
after 20 hours as shown in Fig. 2(A) for the TEOS concentration
of 0.5 mM. However, the shells are incomplete with irregular
shapes. In addition, only coated agglomerates and no single
core–shell particles were observed in TEM analysis. The extinction
spectra of the samples show a gradual red shift of the plasmon
resonance peak by 4 nm during the 20 hours (Fig. 3).
PLAL with TEOS and the catalyst in the solvent
The most successful approach was to add both, TEOS and the
catalyst, into the solvent just before starting the ablation. TEM
images of the samples immediately after the PLAL process
show a very thin amorphous layer on the surface of the gold
nanoparticles. In the samples deposited on TEM grids 20 hours
Fig. 1 Experiment: best results are achieved when the ablation is performed in
the presence of both TEOS and a catalyst.
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after the preparation, almost all of the individual particles and
agglomerates are covered with a silica shell as shown in Fig. 2(B)
and (C). Extinction measurements show that the plasmon
resonance peak red shifts after the sample preparation up to a
total of 5 nm measured after 20 hours (Fig. 4). These samples
were prepared in 2-propanol, with a TEOS concentration of
0.5 mM and an ammonia concentration of 0.7 M.
Samples produced with TEOS concentrations below 0.25 mM
were not observed to have shells in TEM analysis. In this case,
the extinction measurements show that the plasmon resonance
peak red shifts by only approximately 1 nm as shown in Fig. 5.
The use of TEOS concentrations higher than 5 mM led to
production of large (>100 nm) silica spheres with embedded
gold nanoparticles and agglomerates. Our results show that
the extinction measurements alone are not enough to allow
conclusions regarding the shell growth. Distinguishing good
quality shells from partial and rough shells requires additional
analysis, e.g. TEM. However, our data show that for samples
with too low TEOS concentration for the shell growth to
be observable in TEM, the red shift is also minimal (Fig. 5).
Fig. 2 TEM images of the samples produced in 2-propanol. The silica has been
produced with 0.5 mM TEOS and 0.7 M ammonia. PLAL with the catalyst in the
solvent and addition of TEOS afterwards leads to stable colloids, but the shells are
rough and incomplete (A). PLAL with both reagents in the solvent leads to growth
of a thin shell on both: individual nanoparticles and nanoparticle agglomerates (B
and C). However, the growth was successful only with the laser wavelength of
515 nm. PLAL with 1030 nm wavelength produced only partial shells (D).
Fig. 3 Extinction spectra for the sample shown in Fig. 2(A) measured at varying
times after the PLAL process and TEOS addition. The sample was prepared in
2-propanol with 0.7 M ammonia. Afterwards TEOS was added its final concen-
tration being 0.5 mM. Inset: the plasmon peak shifts by 4 nm during 20 hours.
Fig. 4 Development of the extinction spectrum in time for a typical sample
produced by PLAL in 2-propanol with 0.5 mM TEOS and 0.7 M ammonia. TEM
images of the sample are shown in Fig. 2(B) and (C). Inset: the observed
wavelength of the plasmon peak shows a red-shift as the shell gets thicker.
The plasmon peak after 20 hours in this case is narrower than for samples
characterized by the spectra in Fig. 3.
Fig. 5 Extinction spectra development for a sample prepared with lower TEOS
concentration of 0.25 mM. The plasmon resonance peak is shifting only by
approximately 1 nm and no shell formation can be observed in TEM analysis of
the sample.
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The shift in this case is most likely due to growth of a very thin
shell or agglomeration.
Eﬀect of the laser wavelength
To better understand the mechanisms responsible for the
successful shell growth, we performed experiments with the
laser wavelength of 1030 nm. For these experiments we used
ready-made Sto¨ber-solutions that gave the best results with the
515 nm wavelength. Unlike in the case of the green laser, we
observed only partial growth of the shell as shown in Fig. 2(D). This
suggests that the laser wavelength is an important factor to facilitate
the direct growth of the shells on the gold nanoparticles. The
plasmon resonance peak observed in the extinction measurements
immediately after PLAL is near 520 nm, which is very close to the
515 nm wavelength. The plasmon resonances of the nanoparticles
have primarily two eﬀects. Firstly, the resonance enhances the local
electromagnetic field strength near the surface of the particles, and
secondly, the absorbed field will heat the particles. The diﬀerence in
the field enhancement between the used wavelengths is less than an
order of magnitude. Moreover, it is unclear what eﬀects the
enhancement of the field has on the growth of the silica shell. A
much larger diﬀerence can be expected in the temperature of the
nanoparticles. According to ref. 10, the maximum temperature
change, DTmax, reached by the gold nanoparticles of radius RNP
under illumination of intensity I0 can be estimated from:
DTmaxðI0Þ ¼ RNP
2
3k0
Re io
1 eðrÞ
8p
3e0
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

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" #
8pI0
c
ﬃﬃﬃﬃ
e0
p ; (1)
where k0 is the thermal conductivity of 2-propanol, o is the angular
frequency of the laser, e0 and em are the dielectric functions of the
surrounding media and the metal, correspondingly, and c is the
speed of light under vacuum. The model predicts a temperature
diﬀerence by a factor of approximately 350 between the wave-
lengths of 515 nm and 1030 nm. For the parameters used in this
study, the temperature of a produced nanoparticle with a diameter
of 20 nm that interacts with the laser beam at a distance of 9 mm
from the focal point is only increased by approximately 3 degrees in
the case of the 1030 nm laser and by about 1000 degrees, i.e. to
the melting point of gold in the case of the 515 nm laser.
This temperature is high enough for considerable TEOS
decomposition11 and may lead to direct bonding of gold to free
silicon atoms/ions or decomposition products of TEOS. This initial
layer may then serve as a platform for further growth of silica shells
through the Sto¨ber-process after the PLAL process.
Heating the nanoparticles to such high temperatures leads
to the decrease in the size of the nanoparticles through
evaporation, but also to sintering of molten, colliding nano-
particles. This can be observed from the TEM images, e.g.
Fig. 2(A), (B) and (D). It is worth noting that as the temperature
of gold increases, the refractive index of gold changes and
results in diminishing intensity of the plasmon resonance.
Finally, the resonance disappears completely for molten
gold.12,13 This leads to less energy being absorbed by the hot
particles and suppresses evaporation of the produced
nanoparticles.
Due to the large diﬀerence in the temperature increase,
sintering is not typically observed for infra-red lasers. However,
with the high repetition rate laser we applied, the laser pulses
have short time delays and they arrive close to each other on the
target surface. Under these conditions the density of the
nanoparticles produced by the previous laser pulse is still very
high near the surface of the target. In close vicinity of the focal
point the 1030 nm wavelength can cause considerable heating,
although it is not intensive enough to heat the produced
nanoparticles further away in the colloid and initiate the TEOS
transformation. Therefore, in our samples, some sintering is
observed as can be seen in Fig. 2(D). Due to these reasons, to
avoid fused agglomerates in favour of individual core–shell-
nanoparticles, a lower repetition rate laser is required.
Extinction spectra
We measured the extinction spectra of the nanoparticle colloids
and related its changes to the growth of the silica shell. In the
case of the sample shown in Fig. 2(B) and (C) the plasmon peak
is observed to red-shift by approximately 5 nm during 20 hours
(Fig. 4). Calculations of the optical properties of the coated metal
nanoparticles with the MNPBEM toolbox14 for the 10 to 15 nm
shells observed in the TEM images yield a change of approxi-
mately 6 to 7 nm for the amorphous silica shells. The plasmon
peak is very sensitive to the permittivity of the material of the
shell and for a less dense material, which is most likely the case
for TEOS-grown shells, the red-shift is smaller. Therefore the
calculations are well in line with the observations.
The spectra in Fig. 3–5 show a feature near 700 nm which likely
results from the agglomerated and fused nanoparticles. The shape
of the feature changes and the extinction at wavelengths longer
than the plasmon resonance increases for samples where silica
growth is identified in TEM images (Fig. 3 and 4). This is attributed
to further, TEOS and silica induced agglomeration.
For samples where the silica coating of the gold nanoparticles
was incomplete, a much smaller red shift or no shift at all
was observed. Therefore it is possible that the observations by
Barcikowski et al.6 are a result of partial silica growth or PVP
coverage since no red-shift of the plasmon peak was observed. The
wavelength of the femtosecond pulse laser that they used was
800 nm and therefore, if the mechanism responsible for the initial
shell formation is heating of the formed nanoparticles as suggested
by our results, the lack of silica shells would be expected.
IV. Conclusions
We have shown that coating of individual and agglomerated
gold nanoparticles with silica shells can be achieved in a single-
step PLAL process in the presence of TEOS and ammonia in
2-propanol. The best results are achieved when the 515 nm
wavelength is used for ablation, suggesting that heating of the
nanoparticles in the solvent is a crucial step to initiate the
formation of the shell. It is possible that heating leads to
breaking of TEOS molecules and bonding of silicon to the
surface of the gold nanoparticles. Silicon can then act as the
seed for the silica growth during the following Sto¨ber-process.
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This approach allows coating of gold nanoparticles without
additional coupling agents or ligands.
As a future work it would be interesting to repeat the
experiment with a lower repetition rate laser in an attempt to
produce individual core–shell nanoparticles without the fused
clusters. If the issue related to sedimentation during catalyst
addition can be avoided, it would be interesting to see if the
laser-induced heating could be used to seed the growth of the
shell for ready-made nanoparticles.
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